


‘ 


‘W S aN 
iby F ‘ hh Me , 





Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1969-10 


An investigation of a transonic turbine test rig. 


Esdaile, Stewart Gary 


Monterey, California. U.S. Naval Postgraduate School 
http://ndl.handle.net/10945/12496 
Copyright is reserved by the copyright owner 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
(8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist | | Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


1 i KNOX appointed — and published -- scholarly author. 

ih : Dudley Knox Libra Naval Postgraduate Schoo 
LIBRARY dley b ry i | g d hool 

http://www.nps.edu/library 






411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








DUDLEY KNOX LIBRARY 


NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CA 93943-5101 


United States 
Naval Postgraduate School 


An Investigation of a Transonic 


Turbine Test Rig 


by 


otewart Gary Esdaile 





October 1969 


This document has been approved for public re- 
Lease and sale; its distribution is ed. 


T133763 





An Investigation of a Transonic 


Turbine Test Rig 
by 
Stewart Gary Esdaile 


Captain, Canadian Armed Forces 
B.Eng., Royal Military College, 1964 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN AERONAUTICAL ENGINEERING 


from the 


NAVAL POSTGRADUATE SCHOOL 
October 1969 


P a ~ a >a ea! 
rs — rs 3 
eA Ys : 
. 7 A ms ad 
C » & “é 
wane 


a ABSTRACT * 


The Transonic Turbine Test Rig installed in the Turbo-Propulsion 
Laboratory at the Naval Postgraduate school was designed such that 
losses in nozzles and rotor blading and overall performance charac- 
teristics can be determined for operation at several combinations of 
blade configurations, pressure ratios and speeds. This study relates 
the empirical data for stator loss coefficients to those determined 
for the converging-nozzle stator presently installed, and discusses 
reasons for some of the discrepancies. Also discussed are results of 
the flow nozzle calibration, locked rotor data, and temperature and 
inlet swirl effects. A method is proposed to reduce these effects 


for future work on the Turbine Test Rig. 
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Cross-sectional area Gin) 
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Momentum analysis 
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I. INTRODUCTION 


Much of the design and analysis of modern turbines is based on 
the experience of the designe ~ and his use of empirical data available 
in the literature. As a re-:.'%, many investigations of test turbines 
are being carried out in an eifort to more fully explain and mathe- 
matically model the flow phenomena in stationary and rotating channels. 
Present methods for design of axial flow machines base calculations 
on a reference diameter, usually taken as the mean of the hub and tip. 
A major simplification is then made by assuming that at any point in 
a cross-section, such parameters as total pressure and temperature and 
axial velocity have the same values as at the reference diameter. The 
overall characteristics of a stage are then determined, but depend on 
how accurately flow discharge angles and loss coefficients are known. 
Thus, it is extremely important to be able to predict these values as 
functions of blade geometry, Mach number and certain other flow para-~ 
meters. Such a method as just described is conventionally known as 
a "One-Dimensional Analysis". 

The Transonic Turbine Test Rig (TTTR) located at the Turbopropul- 
sion Laboratory is a particularly desirable test machine because it 
permits evaluation of performance at many combinations of operating 
conditions and configurations. One of the most important features 
of the TTTR is that it enables one to evaluate flow angles and loss 
coefficients using momentum and moment of momentum equations, without 
making extensive flow surveys which cause an upset of the true flow 
conditions. The empirical methods available for prediction of flow 


angles and loss coefficients yield results varying from unreasonably 
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low values to one so conservative it would be unlikely the machine 
would operate. Results from previous runs on the TITR showed the 
latter trend in loss coefficients, although the TTTR had a reasonable 
overall performance. 

This thesis investigates the methods by which the loss coefficients 
are determined for the TITR and relates these coefficients to those 
predicted by the literature. It then describes the investigation car- 
ried out to explain the apparent discrepancies, and examines the effect 
of some of the more important parameters used to evaluate the loss co- 
ef fiedent.. 

The author would like to express his appreciation for the compe- 
tent assistance provided by Mr. Jim Hammer and members of the Turbo- 
propulsion Laboratory. Special thanks are extended to Dr. M. H. Vavra 


for his guidance and advice during the investigation. 
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If, EQUIPMENT MODIFICATIONS 


The TTTR instrumentation has been described extensively by Commons 
[Ref. 4] and Lenzini (Ref. 6]. Discussion here will be limited to 
recent modifications made to the TTTR. 

Fig. 1 shows the piping and valve location in the Turbine test 
cell. Fig. 2 shows a cross-section of the floating stator and sup- 
port assembly, while Fig. 3 shows a more detailed cross-section of 
the stator plenum and hub area. The closure plate assembly shown in 
Fig. 3 was instrumented with additional strain gauges on the flex- 
ures, and the back face towards the rotor had three static pressure 
taps installed at known radii. Results of these pressure readings 
and closure plate torque calibration are discussed later. 

Fig. 4 shows the floating stator assembly with the locations of 
the axial force and torque capsule supports and Fig. 5 shows a more 
detailed view of the torque capsule support assembly. The capsule 
support assembly was moved from the previous location between the 
overhead support and plenum casing to its position at the upstream 
end of the stator in an attempt to reduce both the temperature effect 
on the capsule and the errors induced by differential thermal expan- 
sion. 

Fig. 6 shows the stator exit and shroud area. Two additional 
pressure taps, P13 and P14 were installed, with the hope of corre- 
lating the stator discharge tip pressure to the shroud pressure at 
the same plane. In addition, the machine was completely dismantled 
and cleaned, and new pressure lines were installed in many cases. 


The pressure lines were connected to a mercury manometer board in a 
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logical sequence, extending from the nozzle to the plenum assembly 
and along the shroud to the rotor discharge, so that the pressure 
distribution through the machine could be readily observed. 

Fig. 7 shows the converging nozzles presently installed in the 


TITR and Fig. 8 shows the circular-arc, sharp leading-edge rotor used. 
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Ili. FLOW RATE DETERMINATION 


A. NOZZLE CALIBRATION 

Previous nozzle calibraticn techniques have been described by 
Naviaux ‘ and Lenzini [Ref. 6:. It was shown that the nozzle coeffi- 
cient was a function of nozzle Reynolds number. However, former re- 
sults for nozzle coefficients were determined as a function of the 
Reynolds number based on the conditions of the ASME standard calibrat- 
ing orifice, rather than on the flow nozzle. As a result, it was de- 
cided to repeat the nozzle calibration to obtain a new relationship, 
and to determine if any deterioration of the nozzle had taken place. 

The program for the data reduction is given in Appendix D, program 
FLOCAL. The method used is similar to that given by Williams a which 
was found to be more suitable for computer computations. The basic 
equation is given in the ASME Power Test Code P and values of the con- 
stants are taken from sueatnes” Tests were carried out at nozzle sup- 
ply pressures of 26, 29, 34 and 39 psia over a range of Reynolds 


numbers from 2 x 10° On LZ Vx 10°. Fig. ll shows the results of these 


Naviaux, J. C., "Transonic Turbine Test Rig Exhauster System Tests 
and Tests of a Reaction Turbine, "Naval Postgraduate School Thesis, 
December, 1966. 


2 e e e 

Williams, D. D., "Determination of Performance Parameters of a 
Dual-Discharge Radial Turbine, "Naval Postgraduate School Thesis, 
December, 1968. 


STatee Measurement, Chapt. 4, Part 5, Supplement to ASME Power Test 
Codes, ASME, New York, N. Y., 1959, p. 5/7ff. 

eae. R. F., e€ al., Flew Measurement With Orifice Meters. 
New York: D. van Norstrand Company, 1951. pg. 65-212. 
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tests, with nozzle coefficient plotted as a function of Reynolds 
number. The curve differs from that given by Lenzini [Ref. 6], being 
higher by 2 to 3 percent. The curve also shows a maximum coefficient 
occuring at a Reynolds number of 6 x ee and then decreasing as Rey- 
nolds number is increased. It is suspected that this increasing trend 
of nozzle coefficient each time a calibration is performed indicates 
some deterioration of the nozzle. 

An analytical curve for the nozzle coefficient was obtained by us- 
ing a least-squares polynomial curve fit. A fourth-order polynomial 
was chosen as the best fit to the data, namely: 


C= 9.5208828 x lon” su4eusoneso. x0’ mex=75eu074Queion eae 


Sees SR mmce ioe BaP 1457130 4uee0) - ope 
The maximum error between the analytical curve and the actual data 
points for a range of Reynolds numbers between 4 x 10° and 12 x 10° is 


0.2 percent. 


B. TURBINE FLOW RATE 

The program to obtain the turbine flow rate is given in subroutine 
FLORAT of program TTITR, and employs a procedure similar to that de- 
scribed in section A. The labyrinth leak rate uses a formula deter- 
mined by Lenzini [Ref. 6] which is a function of plenum pressure ratio 
and temperature. The labyrinth leak rate was found to be only 2 per- 
cent of the total flow rate. The recalibration of the nozzle and im- 
proved flow rate determination resulted in referred turbine flow vate 


which were 3 percent higher than those previously used. 
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IV. ANALYSIS AND DATA REDUCTION 


A. GENERAL 

The basic equations for a one-dimensional flow analysis of the 
TITR are well known and have been described in detail by Commons 
[Ref. 4], Lenzini [Ref. 6] and Messegee [Ref. 7]. The reference diam- 


eter referred to previously is twice the mean radius: 


The data for the TITR are reduced by program TTTR given in Appendix D, 
which also gives the results of Run 15. Fig. 12 shows the thermody- 
namic process for an axial turbomachine and the stator loss coefficient 
is designated oe Fig. 13 shows the associated velocity diagram for 
a turbine stage. 

It is of interest here to summarize the assumptions made in using 
the one-dimensional analysis, as they will have a large bearing on 
the accuracy of the results. These assumptions are: 

1. Adiabatic, steady flow, so that the absolute and relative en- 
thalpies are constant respectively along any streamline. 

2. Cylindrical stream surfaces, so there is no bending of the 
stream surface, or radial component of velocity. 

3. Uniform conditions ahead of the stator so there is no total 
pressure or total temperature gradient in the radial direction. 

4. Completely radial flow into the plenum, and axial flow into 
the stator with no tangential velocity component. 

5. Shear stresses are negligible on the annulus and shroud, and 


symmetrical wakes occur at the trailing edges of the blades. 


Ih, 


The validity of these assumptions will be discussed later and 


where invalid assumptions were found to exist their.influence on the 


loss coefficient will be discussed. 


When analysing the reduced data, nearly all variables were plotted 


as functions of the stator discharge pressure ratio P,)/P,. The 


following discussion will show why P_./P, is an important parameter. 


i alk 


From the equation of momentum 


and using 
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Now 
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For an ideal gas y is constant, and for small pressure ratios n is 
nearly a constant. Thus, if it is assumed that the stator discharge 


angle is constant: 
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Using the loss coefficient as defined by Vavra [Ref. 8]: 
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And, consistent with the above assumptions for n and», 


iP 
TO 
ae 7 fs (ze) 


B. DESCRIPTION OF METHOD 1 

It is possible to solve for the stator discharge properties by 
satisfying continuity at the throat plane and the exit plane, provided 
certain parameters are accurately known and some assumptions are made. 


At the exit plane, from continuity: 


Tee ee 


From the perfect gas relationship 





Sa = 4 
T ee T, 
Thus 
w. R Ty 
V ae al Vem. (1) 
al Pi AL 


However T, is not known until Vy is determined. If one assumes that 
the same pressure and temperature acting at the exit also exist across 


the throat plane, then continuity may be applied at the throat: 


W 
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Let 


e a eens 
C._= 
ae 
dows 
Thus , 
Vy + C,, Vi = C Tro 


And completing the square: 


; Gs 2 e e 2 


Hence a al 
/ Co oo 
i 0 Ne Te (2) 
and D 
V 
we 
iE TO c (3) 
Once Vil is determined from (1), 
a. = asare tal = — “chs and V = V_ sina 
a Vy AL ul 1 ali 


and all quantities are available to determine a 
It is important to examine in detail the assumptions made in 
arriving at oe by continuity only, which are: 


and temperature T, exist at the throat 


1. The same pressure P 1 


it 


and exit plane. 


2. There is no change of V, from the throat to the exit plane. 


1 


3. The correct pressure distribution for P, is accurately known. 


il 


4. The areas Ane and A, are known exactly. 


5. There is one-dimensional or uniform flow at both the throat 
and exit plane, which implies no boundary layer restriction. 


In the data reduction, P. was taken as the mean of the measured 


hub and tip pressures, and A, was the annulus exit area reduced by a 
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factor RE to account for the trailing edge thickness. 
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C. DESCEIPTIONSOF METHOD 2. 

In this method both continuity and momentum are applied, where 
the tangential velocity is determined from the momentum equation, 
while the axial velocity is determined from knowledge of the axial 
forces acting on the stator and by applying continuity at the stator 
exit. From angular momentum: 

M 
us cual 2 (4) 
T ml 

At the stator exit plane, a parabolic pressure distribution is assumed 
to exist, which is expressed by equation 12 of Lenzini [Ref. 6] and is 
repeated here: 


Z 2 
P " “tae ia Rip ‘ Rip Saal Cae a 
lav 3 2 Z 
re 1 Sub? 


Z Z 
P tip Co ae eS eee! c) 
es: Sees SS (5) 


2 2 
as, ar ) 
The value of e determines the shape of the parabola. A value for ¢€ 


is first assumed and with this first approximation for P the force 


Lave 


balance equation may be solved for via: 


Bo 
V aM an _ ia — a 
Oh 


where R = the algebraic sum of the measured forces and the pressure 
forces acting on the stator. Thus VM is a direct function of the 
i 


value of €, or the shape of the pressure distribution. Continuity is 


then written for the exit plane as in Method 1, employing the perfect 
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gas relations, to obtain: 
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and completing the square: 


2 2 2 
2- ¢ e)\n— oo \ae. mee C 
eaic a ac (ze: e (arc " =.) ee a x, 


2 
_ 2 EGE -_ (a= 
Vale 7 / mee alee (st) | oP, 


Equations (6) and (7) are compared and the value of ¢ is changed appro- 
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priately until the two methods produce the same value of VoL In sum- 


mary then, the steps are: 


1. Assume an initial value of ¢€ and determine P from equation 


lav 
(>). 


2. sSelve for ea from equation (4). 


3. Solve for Ve from equation (6). 


1M 


4. Solve for ve from equation (7). 


1C 


5. Compare the two values of - and vary ¢« until the two values 


il 


of Val become equal. 


6. Compute Ce: 
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The assumptions made using this method are as follows: 


1. The stator torque can be measured accurately, yielding a cor- 
rect value of V ,. 
ul 


2. The correct pressure distribution for P, is known accurately, 


1 
or conversely the iterated value of ¢« will yield the correct pressure 
distribution. 

3. The correct axial force is being recorded. 

4. The area A, is known exactly. 

5. There is one~dimensional or uniform flow in the nozzles, so. 
no boundary layer correction factor ig required. 

As in Method 1, the area AL was reduced by the same factor K. to 
account for the effect of trailing edge thickness. 


If the assumptions for both methods are met, then either method 


should result in essentially the same values for Mie V a, and Co 


l*s gl’ 


respectively. 
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. V. NATURE OF PROBLEM 


A survey of previous results has shown that - has ranged from 
negative values to as high as 0.30. The result of this has produced 
stator or rotor efficiencies of over one-hundred percent, but the 
overall machine had a total-static efficiency in the order of eighty 
percent at the design point. The conclusion reached was that the 
determination of overall performance was correct, but that some error 
existed, either in the theory of calaulating stator loss coefficients 
or in measuring the properties necessary to arrive at the loss coef- 
ficient. 

Appendix A presents several methods by which the stator discharge 
angle and stator loss coefficients may be predicted. In addition, a 
curve fit of data is given by Vavra [Ref. 8]. A summary of these 
values and some representative ones from previous work by Lenzini 


[Ref. 6] are presented in Table I below. 


TABLE I 


Predicted and Experimental Values of C 


Source oe 
Ainley | OF07 36 
Predicted Traupel 0.1545 
Values Soderberg 0.1022 
Vavra 0.1400 


Experimental io Lenzini -0.0100 to 0.3000 


zy 


ee a8 


Since previous work by Lenzini [Ref. 6] indicated that the over- 
all total-static turbine efficiency was about eighty percent, it was 
concluded that many of the above values were too high, and that an 
average value for the loss eeef ficient Ge of 0.08 would be more in 
order. The problem then became one of determining where the error 
in computing the loss coefficient was occuring and to reduce the error 
as much as possible. 

In order to determine the error, it was assumed that the theory 
to calculate a was correct and that the error arose from invalid 
assumptions and incorrect measurements of some variables. If a value 
for a is assumed, certain parameters can be calculated and plotted 


as a function of Bigg? , and then actual measurements could be com- 


] 


pared against these predicted values. Thus, based on the definition 


of Ge: several important relationships could be developed: 
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With the chosen value of G = 0.08 and y = 1.4, 
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VI. DESCRIPTION OF BTESTS 


A new electrical read-out system was employed for the strain- 
gauges on the closure plate. It was decided to calibrate both the 
closure-plate axial force and torque with the closure-plate mounted 
on the stator, rather than using the previous method of calibrating 
away from the TTTR and then possibly destroying the calibration during 
the installation in the stator casing. 

A summary of the operating runs is listed in Table II. The first 
series of runs was carried out at pressure ratios of 1.5 and 2.0 over 
the full range of RPM allowable by the torque capacity of the air dy- 
namometer. The configuration was unhooded with rotor axial clearances 
of 0.250 in. and 0.500 in. Several pressure leaks developed on nearly 
every run, and only Run 8 was considered sufficiently trouble-free to 
be used for analysis. 

Once the high loss coefficients were confirmed to exist from the 
data of Run 8 and reduction by Method 1] and Method 2, it was decided 
to attempt some locked rotor tests at axial clearances of Q.250 in. 
and 0.500 in. and 2.000 in. to determine the conditions at zero RPM 
and a pressure ratio of 1.5. Few problems were incurred during this 
series of tests, and data points could be repeated to within 1 percent 
or better. During the last run however, several pressure lines were 
torn loose, which required extensive repairs before any further runs 
could be made. 

During the runs up to and including Run 14, the standard method 
of operation had been to leave the inlet valve of Tank 1 full open and 


gradually open the turbine inlet valve to increase the pressure ratio. 
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TABLE [If 


Summary of Runs 


Run Configuration Purpose 





1 - 4]/ASME Standard Pipe and Orifice Installed {To determine nozzle 








P te varied calibration coefficient. 
5 Rotor removed Closure plate axial and 
6 {Rotor removed torque calibration 
7 {Operating, PR = 2.0, AX = 0.250" To check the system 
8 Operating, PR = 1.5, AX = 0.250" after modifications 
9 {Operating, PR = 1.5, AX = 0.500" ‘and determine operating 
|} 10 (Operating, PR = 2.0, AX = 0.500" data 
11 jOperating, PR = 2.0, AX = 0.500" 
12 {Locked Rotor, AX = 0.500" To examine the system 
13 {Locked Rotor, AX = 2.000" ‘ operation at zero RPM 
24 jLocked Rotor, AX = 0.250" and various clearances. 
15 ‘Operating, PR = 1.5, AX = 0.250" te confirm previous 
results 
16 {Honeycomb, flexures installed To determine the ef- 
17 {Honeycomb, flexures removed ‘fects of the torque 
18 jHoneycomb, flexures installed i\flexures and various 
19 Honeycomb, flexures removed iturbine inlet valve 
ropenings. 
20 Nozzles installed, rotor removed, To determine the ef- 
flexures removed fects of torque flex- 
21 {Nozzles installed, rotor removed, ures and inlet valve 
flexures installed openings with no rotor 
|influence. 


{ 
} 


tee! Sof pee eE ote ares: -< 
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As a result, a pressure drop in the order of 50 in. of mercury was 
occuring across the turbine inlet valve. Also, it was noticed that 
after shutting off the flow to the stator, there were residual values 
of stator axial force and torque in the order of 1.0 and 5.0 percent 
respectively, which gradually dropped to zero after some time. 

In an effort to examine the validity of the assumption of no in- 
let tangential velocity ahead of the stator, the stator was removed 
and the honeycomb flow straightener shown in Fig: 9 was installed. 
Also, during the next series of tests, the method of operation was 
changed and a further modification was employed. ~-For Run 16, the 
honeycomb was installed and the turbine valve operated as before. 
Because a residual torque reading was again observed, it was decided 
to remove the stator torque flexures which take up some of the torque 
and transmit the axial force to the cradle assembly. A system of 
roller bearings was installed between the cradle assembly and stator 
plenum casing in place of the torque flexures, as shown in Fig. 10. 
Also, a thrust collar was fastened on the stator support shaft and 
allowed to press against the support bearing, as a means of transmit- 
ting the stator axial force to the cradle assembly. The next series 
of runs was performed by either gradually opening the turbine valve 
to obtain the desired pressure ratio, or fully opening the valve and 
adjusting the pressure ratio by slowly closing a dump valve in the 
delivery line near the Allis-Chalmers compressor. It was possible 
to obtain similar flow rates as used during all previous tests, but 
because of the much less restricted flow, considerably smaller pres- 


sure ratios were required. 


BZ 


Prior to Run 16, a thermocouple was installed on the torque 
capsule support assembly, and during the next series of tests the 
temperature of the assembly was monitored. Also, the discharge tem- 
perature from the Allis-Chalmers compressor was varied from 90° to 
130° F to provide a sent temperature gradient at the stator in 
order to examine the effects vi differential thermal expansion. Dur- 
ing Run 17, the flow exit angle from the honeycomb was measured using 
a 5-hole probe, to find out whether the flow leaving the honeycomb 
straightener was truly axial as desired. 

Once an improved method of operation was determined, a final 
series of tests was performed with stator nozzles reinstalled, but 
the rotor removed to eliminate any influence it might have. The same 
procedure was adopted as above, with the flexures installed and the 
turbine valve operated either fully open or partly open, and then the 


flexures were removed and the roller bearing supports installed, and 


the valve operated either fully open or partly open. 
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VII. RESULTS AND ANALYSIS OF LESTSS 


Fig. 14 shows the total-static turbine efficiency as a function 
of isentropic head coefficient. It is seen that a maximum efficiency 
= 79.6 percent occurs at a Kis of 4.2. Previous results for these 
operating conditions quoted a maximum efficiency of 83 percent at the 
same Kio? However, the efficiency is directly proportional to the dy- 


namometer torque M, and inversely proportional to the flow rate w 


d io 


for given inlet conditions and speed N. Since the calculated flow 
rate is now considered to be in the order of 3.0 percent higher be=- 
cause of the corrected nozzle coefficient, this would account for the’ 
difference, and it was therefore concluded that the correct results 
were being obtained. 

Fig. 15 shows the referred stator axial force as a function or 
referred RPM. It can be seen that there is some non-linearity when 
the curve is continued to the locked rotor condition, which can be 
accounted for by the changing pressure distribution around the shroud 
with the rotor locked. 

Fig. 16 shows the referred stator torque as a function of referred 
speed. There is good linearity to the locked rotor condition, indi- 
cating the locked rotor torque is in the range of its expected value. 
When the referred torque is plotted as a function of stator pressure 
ratio, as shown in Fig. 1/7, there is a difference between the results 
of Method 1 and Method 2 and a considerable difference between the 
actual and the predicted value for the assumed G = 0.08. The dif- 
ference between the methods is due to the resulting higher pressure 


of PL by Method 2. It can be concluded however, that the torque 
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measurements at a pressure ratio of 1.45 are about 8 percent too 
high. It will be discussed later how this can occur. 

Fig. 18 shows the flow function ¢ plotted against the stator pres- 
Sure ratio. The curve extends well to .the locked rotor condition. 
The reference curve shows that the actual ¢ is more in error at the 
lower than at the higher pressure ratios when using Method 1. The 
2 difference between the curves of Method 1 and Method 2, as discussed 


previously, is due to the higher P_ by Method 2. Although is a 


1 


function of both w,, and A. for fixed inlet condittons, it was con- 


T hs 


cluded that Aine was in error. Build-up of dirt deposits on the 


blades and the presence of an increasingly thick boundary layer at 
higher pressure ratios would result in a lower effective throat area 
than was used. 


Fig. 19 shows the dimensionless velocity ratios V 1/470 and 


as functions of the stator pressure ratio. In both cases 


/ 


ri “70 


the curves extend smoothly to the locked rotor condition, and there 
is generally good agreement between the two data reduction methods. 


It can be seen that both V ./a and V w/a are lower than the cal- 


ak Te 0 
culated values for an assumed c = 0.08. When using Method l, Vol 
is determined from equation (1), and a low value of Vil could be due 


to a high value of pressure P_ or the reduction factor K When us- 


1 


ing Method 2, ve is determined by varying € until equations (6) and 


1 


(7) agree, which means in effect that Py is varied. Method 2 implic- 


itly assumes that Mines is correct. Examination of the behaviour of 


equations (6) and (7) when reducing the data revealed that equation 


(7) generally produced a lower ve than equation (6), and its value 


1 


changed very little during the iteration. The strongest variables 
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in equation (7) are Ph and K > and a low value of ue would be due 


to high values of P, and Kes which is in agreement with the previous 


ib 


conclusion for Method 1. The magnitude of Wis, has little effect on 


Val in equation (7). Since vs by equation (6) is generally higher 


than by equation (7), and because changing P Causes equation (6) 


lav 


to change more rapidly than equation (7), the iteration scheme forces 


P, higher in order to reduce the net stator force and thus reduce 2 


dy | 1 
in equation (6). The increase in PL causes only a slight reduction 
in ie) by equation (7). If the initial value for Ps with e« = 0 were 


too high then the above undesirable situation would occur, and the 


net result would be too high a value of P, and too low a value of Vas 


i ill” 


A desirable condition would occur if the initial value of Vol by 
equation (7) were higher than that by equation (6), since the iter- 


ation scheme would then reduce P, causing a higher resultant Ve 


id. 1° 


Previous work by Commons [Ref. 4] indicated that the stator hub pres- 
sure and the stator tip pressure measured with the arrangement of 

Fig. 6 were 5 percent higher and 5 percent lower, respectively, than 
the pressured obtained by flow surveys after the stator. The over- 


all effect of these errors would produce a higher initial Py than the 


correct value, which is consistent with the previous conclusion for 


the low value of Ns Examination of the results from Run 15 given 


1 
in Appendix D shows that the hub pressure acting on the hub area pro- 


duces the largest effect on the net force in equation (6). As a con- 


sequence, a Slightly low value of Pub would result in the undesirable 


condition of a higher value of by equation (6) than by equation 


il 
‘G: 
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When using Method 1, the low value of V 1/70 in relation to the 
calculated curve for an assumed a = 0.08 would be due to the low 


values of via and Va caused by an erroneously high pressure Pie This 
Supports the previous argument where it was stated that high values 
of P. could be causing the errors. Using Method 2, equation (4) shows 


that the low value of ea could be caused by a low stator torque read- 


1 
ing. However, that condition would conflict with the conclusion from 
Fig. 17 which shows the torque to be reading about 8.0 percent high. 
A reduction in the stator torque would result in a further deviation 
of Wea from the calculated curve for Ce = 0.08, ane an increase in 
the mean loss coefficient. This situation can be resolved only by 
concluding that the angle of 75.9° chosen to calculate the velocity 
components from equation (9) was too high. A reduction in the chosen 
for a given V 


flow angle would result in a higher Vi and lower Wi 


au 1 il.” 
Fig. 20 shows the stator loss coefficients calculated by the two 
methods as a function of stator pressure ratio. It can be seen that 
the losses obtained by either method are at least 50 percent higher 
than the predicted value. The higher loss coefficient by Method 2 
is due to the higher pressures resulting from Method 2 and the fact 
that constant pressure lines diverge. Fig. 20 also shows that the 
loss coefficients determined by both methods decrease slightly as the 
stator pressure ratio and the flow rate increases. Such a condition 
is opposite to that expected, since at higher pressure ratios an in- 
creased possibility of separation exists, and a thicker boundary layer 
with greater secondary losses should occur. The apparent reduction of 
the loss coefficient as the stator pressure ratio increases is likely 
due to an unexpected flow condition at higher flow rates. It will be 


shown later that at higher flow rates a changing inlet flow condition 


does occur. 
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Fig. 21 shows the referred stator axial force as a function of 
stator pressure ratio for three axial clearances of 0.250 in. 0.500 
in. and 2.000 in. It can be seen that at a clearance of 0.500 in. a 
more negative axial force occurs than at 0.250 in. or 2.000 in. It 
is suspected that the presence of the locked rotor at various axial 
clearances causes a changing pressure distribution on the shroud, and 
thus the rotor axial clearance has a large effect on the stator axial 
force and the shroud pressure distribution. 

Fig. 22 shows the referred stator torque as a function of the 
Stator pressure ratio. The same reversal of trend occurs when the 
axial clearance is increased, confirming the fact that the presence 
of the rotor influences conditions upstream. The locked rotor results 
shown in Fig. 22 at the three different axial clearances further sup- 
ports the previous conclusion from Fig. 17, namely that the stator 
torque is reading high. 

Fig. 23 shows the referred flow rate as a function of stator pres- 
sure ratio for the three axial clearances at the locked rotor config- 
uration. It can be seen that there is good agreement at each of the 
three axial clearances, so the changing torque with clearance is not 
due = a different flow rate. Fig. 23 also shows that the flow rate 
approaches a maximum as the pressure ratio nears the critical value, 
but that choking does not occur. 

Fig. 24 shows the flow function ? with changing stator pressure 
ratio for the locked rotor condition. As in Fig. 23 there is no ef- 
fect of clearance on flow rate. However, the same trend of a lower 
flow function than desirable is occuring, which confirms the results 


of Fig. IS. 
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Fig. 25 shows the stator discharge pressure ratio as a function 
of the overall pressure ratio Pro Po: It can be seen there is a 
linear relationship between stator pressure ratio and overall pres- 
sure ratio. Fig. 25 also shows the increasing difference between 
Method 1 and Method 2 as the overall pressure ratio is increased. 

Fig. 26 shows the referred velocities as a function of stator 
pressure ratio for the locked rotor configuration. The same trend 
in yi occurs with the locked rotor results as was noticed in Fig. 19 
when the rotor was unlocked, confirming the conclusion that some er- 


ror exists in the pressure P, and the reduction factor Ke However, 


1 
Method 2 results in a tangential velocity component which is greater 
than the calculated value for the assumed is = 0.08. It can there~ 


fore be concluded that the increased value of V 4/4 is directly 


TO 
due to an error in the stator torque measurement and that the high 
torque reading is caused by some combination of temperature effect 
on the assembly and an inlet swirl at the stator plenum. 

Fig. 2/7 shows the stator loss coefficient as a function of stator 
pressure ratio for the locked rotor condition. Equation (8) gives 
the relationship between the pressure ratio, exit velocity and stator 
loss coefficient, and it can be seen that for a given pressure ratio 
a low velocity will result in a high loss coefficient, and conversely, 
if the velocity were too high, the loss coefficient could become neg- 
ative. When using Method 1 the loss coefficient is a unique function 
of the throat pressure and area where the throat pressure was assumed 


to be the same as that existing at the exit plane. Behaviour of equa- 


tion (2) shows that a low velocity will result if a combination of 


of 


the pressure and throat area is too large. It — been previously 
shown that the throat area appears to be too large and Figures 20 and 
27 show that at low pressure ratios the throat pressure must be high 
also. Appendix C gives a predicted pressure distribution at the exit 
plane, and it can be seen that a parabolic, rather than a linear var- 
iation would be more in order, resulting in a slightly higher Ph than 
the linear variation from hub to tip would predict. From this it may 
be concluded that assumption 1 of Section 4.B, namely that equal pres- 
sures exist at the throat and exit plane would be in error. As the 
stator discharge pressure ratio increases the loss coefficient de- 
creases somewhat, indicating that the pressure at the throat and exit 
plane are more nearly equal. When using Method 2, an erroneously high 
Stator torque reading will produce a high tangential velocity compo- 
nent resulting in a higher net velocity than should exist for a given 
pressure ratio. It should be noticed that the loss coefficient by 
Method 2 increases with increasing pressure ratio even though the 
stator torque is high. This indicates that the error in hub pressure 


P and exit pressure P, have a stronger effect than does the stator 


hub 


moment and it was concluded earlier from the analysis of Fig. 19 that 


1 


Ph was indeed too high. 

Fig. 28 shows the measured temperature of the torque capsule sup- 
port assembly as the flow rate is increased, and Fig. 29 shows the 
results of the temperature analysis on the cradle assembly. It can 
be seen that as the cradle assembly heats up, a positive error occurs 
in the stator torque reading, indicating that the reading becomes too 


high as the inlet temperature increases. The reason for the increasing 


torque error is the unequal expansion of the capsule support assembly 
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and the connectors between the point of action of the torque arm and 
the upper end of capsule support. The stator torque flexures pre- 
vent free rotation of the stator as the capsule assembly grows due to 
thermal expansion. The two steel rods and the Invar ring of the torque 
capsule do not expand by an equal amount in the opposite direction to 
cancel the thermal expansion of the capsule support. The differential 
thermal expansion causes an additional tensile force on the capsule 
and a higher apparent torque reading. Additional analysis showed that 
it would be impractical to compensate for this thermal expansion by 
making the support assembly of the same type of material as the capsule 
ring and steel attachments, since the compensation would be possible 
only for a fixed temperature. In addition it would be impractical to 
thermally shield or cool the assembly as was done with the dynamometer 
capsule, since this set-up would present severe complications if the 
turbine were operated inside the closed hood. Thus the only practi- 
cal way to eliminate the thermal effect on the capsule support assembly 
was to give the stator freedom to rotate so that no additional tension 
could be applied to the capsule. A solution was accomplished by re- 
moving the torque flexures and installing roller bearing supports to 
maintain the stator alignment, and a thrust collar was fastened to the 
Stator support shaft and allowed to press against the support bearing 
as a means of transmitting the stator axial force to the cradle assem- 
Dain. 

Fig. 30 shows the referred stator torques obtained with the honey- 
comb flow straightener replacing the guide vanes. Test data are shown 
at different openings of the turbine inlet valve and the tests were 


carried out with the torque flexures installed or removed. If the 
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flow after the honeycomb were axial, and if ewe Felow entered the sta- 
tor assembly with no whirl components, the stator torque would be zero 
for any pressure ratio. Fig. 30 shows that the stator torque was only 
zero at zero flow rate, and increased with increasing pressure ratio. 
From the results of Fig. 30 it can be concluded that temperature ef- 
fects caused by the presence of the torque flexures and throttling the 
flow by partly closing the turbine inlet valve influence the stator 
torque readings. With the turbine valve full det less torque occurs 
when the flexures are removed, indicating that the temperature effect 
due to the flexures has been reduced. When the pressure ratio is set 
with the turbine valve partly closed a considerably larger torque 
occurs and it is again higher if the torque flexures are installed. 
Since an increasing torque with increasing pressure ratio still occurs 
when the turbine valve is full open and the torque flexures are re- 
moved, it can be concluded that either the honeycomb is not truly 
axial or the flow still enters the stator plenum with a small whirl 
component. 

Fig. 31 shows the flow angles measured after the honeycomb 
straightener. It can be seen that the velocity after the honeycomb 
has a tangential component which increases with increasing flow rate. 
From Figures 30 and 31 it can be concluded that the partly opened tur- 
bine valve causes whirl components in the delivery pipe, and the flow 
enters the stator assembly with a tangential velocity. Hence, assump- 
tion 4 of Section 4.a, namely, that the flow into the plenum is radial 
and no whirl component exists ahead of the stator is not satisfied 
with the present installation. Because the honeycomb has openings of 


about 1/8 inch it is apparently not capable of completely turning the 
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flow into the axial direction. It was found also that the stator 
blockage factor € through the honeycomb is about 0.72, where &€ rep- 
resents the ratio of the actual flow area and that necessary to pass 
the flow if the expansion were isentropic. Because of the low valves 
of € it can be concluded thexe must exist large whirl components ahead 


of the honeycomb causing flow separation at the inlet and large losses. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 


From the preceding analysis, it can be concluded that the stator 
torque reading is about 8 percent too high, and that this error is 
due to a combination of the temperature effect on the capsule support 
assembly and an inlet swirl caused by the turbine inlet valve and 
piping. It is recommended that the turbine be operated with the tur- 
bine inlet valve full open at all times, and that the pressure ratio 
be set by closing a dump valve near the air supply. 

During the last series of runs with the stator nozzles installed 
and the rotor removed, inconsistent and residual values of stator 
axial force occured when the torque flexures were removed and the 
roller bearings installed. This was due to the mechanical friction 
inherent in the present system. It is felt that a better system 
should be designed which would allow the stator to rotate and move 
axially without restraints. This would make the stator a truly free- 
floating assembly and eliminate the influence of temperature on the 
measurement of the stator torque. Such a system would require the 
use of ball-bearings mounted in such a way that they would allow both 
rotation and axial movement of the stator and thermal expansion or 
contraction of the casing, but maintain the stator axial alignment. 

The analysis of the cradle assembly showed also that thermal ef- 
fects occur in the horizontal direction which affect the capsule meas- 
uring the stator axial force. This problem could be eliminated by 
constructing a cradle support assembly similar to that used for the 
torque measurement but made of aluminum. Proper installation of this 


cradle would allow its growth or contraction to be in the same 
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direction as the horizontal members of the stator cradle, thus com- 
pensating for thermal effects on these members. 

It is suggested that a honeycomb flow straightener and series of 
screens be installed in the delivery pipe just ahead of the inlet to 
the stator plenum chamber, and that the conical screen presently in- 
stalled in the plenum chamber be removed. This should produce a more 
uniform flow into the plenum and eliminate the tangential component, 
while removal of the conical screen should eliminate some of the 
existing total pressure gradient at the entrance to the stator noz- 
zles. 

From the analysis of the pressure effects on the loss coefficient 
it Pr be concluded that extensive flow surveys should be done at dif- 
ferent operating conditions to accurately determine the pressure dis- 
tribution at the stator discharge. Means must then be found to ensure 
that accurate hub and tip pressures can be recorded since they have a 
large effect on the loss coefficient. It was shown that the assump- 
tion of stator exit pressure also acting at the throat plane was er- 
roneous and the assumption could be eliminated if the throat hub and 
tip pressure taps were accurately located at the throat plane. At 
present there is up to a 5 percent error between the four sets of 
taps. The flow surveys must be carried out with probes which prop- 
erly compensate for Mach number effect, depth of immersion and pitch 
angle. Very useful information could be gained by using a hot wire 
anemometer probe to accurately determine velocity profiles and mag- 
nitudes in the stator area at different operating conditions. 

Results of the prediction of closure plate torque and shroud torque 


given in Appendix B show these values never exceed 0.1 percent of the 
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Stator torque reading. This amount is considered negligible and 
thus the closure plate torque webs, strain gauges and wires could 
be removed. This would eliminate the congestion in the hub area 

and allow the closure plate greater freedom of movement, since some 
friction might be caused by the presently installed equipment. The 
predicted torque as a function of pressure ratio and speed agreed 
very wer with the strain gauge readings and so it is concluded the 
closure plate and shroud torques could be accounted for during the 
data reduction by using an empirical formula. Results of the forces 
on the closure plate due to the pressure distribution on the face 
agreed to within 1.0 percent of the strain gauge reading. Consid- 
erable effort was required to numerically integrate the pressure 
over the face area, and since measurement of the closure plate axial 
force by the strain gauges was much quicker and produced comparable 
results, it is recommended the closure plate pressure lines be re- 
moved. 

It can be concluded that several of the assumptions utilized to 
solve the equations for a one-dimensional analysis were not valid, 
and that ignoring their effects can produce very poor results. Appen- 
dix C shows that cylindrical stream surfaces cannot exist, and a 
radial component of velocity must be taken into account. Flow surveys 
made by Commons [Ref. 4] show that there is a variation of the total 
pressure at the stator entrance and thus a radial entropy gradient 
exists. The results of this investigation have shown that the flow 
is not completéfy radial into the plenum or axial into the stator 


and that a tangential component of velocity does exist. However, 
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these unsatisfactory conditions can be reduced by incorporating the 


equipment modifications suggested. 
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TURBINE AND SHROUD DETAILS 
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Predicted Percent Error In Stator Torque 





Temperature Of Torque Capsulel Suppor t(F) 


-40 -30 -20 -I0 O lO 20 8 8630— 40 
FIGURE 29 


PREDICTED ERROR IN STATOR TORQUE DUE TO TEMPERA- 
TURE EFFECT ON CAPSULE SUPPORT. 
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APPENDIX A 


PREDICTION OF STATOR DISCHARGE ANGLE 
AND STATOR LOSS COEFFICIENT 
PeectatomDischarge Angle 

The prediction of the stator discharge angle uses methods described 
by Vavra [Ref. 8] and Ainley [Ref. 2]. In these methods, it is assumed 
that the discharge angle is influenced only by blade geometry and Mach 
number, and that flow incidence angles have no effect. 

For values of M, < 0.5, a formula given by Vavra [Ref. Sy is used 
for a first approximation, and the effects of blade geometry and Mach 
number are then accounted for by using the method described by Ainley 
[Ref. 2]. A linear variation of a is then assumed for values of M 


i. 


between M, = 0.5 and M, = 1.0. The results of these calculations for 


the blade geometry shown in Fig. 7 are listed in Table III. 
Emeoeacor Loss Coefficient By Method of Ainley 

The prediction of stator loss coefficient uses the method described 
by Ainley [Ref. 2]. In this method it is assumed that the loss coef- 
ficient is independent of Mach number and is influenced only by blade 
geometry and flow incidence. The losses are divided into profile 
losses ap which include mixing losses, secondary losses Yo» and tip 


clearance losses Ye where 


- a Z 
Same 0) SS otal = 0) Gi pat = 02) “Yocat = 0) X 
Bia) 1 
0.2 


and 
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2 
G Z cos a 
a K Le ae 
ue + Ye = X + (8) | (se) 3 
cos Ot 


Values of = f(s/C) are given in Fig. 4 of Ref. 2 and values 


(A/a) ~ 
ne 4 1.D./0.D.) 


for 


A= £f 


are given in Fig. 8. A relation given by Vavra [Ref. 9] is then used 
MEBkate the stator loss coefficient to the pressure loss coefficient. 
The results of these calculations are listed in Table IV. 
a Loss Coefficient By Method of Traupel 

The method of Traupel ; is one of the most complete methods used 
and takes into account a large number of variables considered to have 
an influence on the loss coefficient. 


= + “+ 
Gg So if. bs c. — 


Ss 
where a = Total loss coefficient 
> = Profile loss coefficient 
ie = Wall loss coefficient 
a: = Secondary loss coefficient 
Cr = Damping wire loss coefficient 


The profile loss coefficient is given by: 
= : . : st 
e 560 X50 a Le ae = oF 


Basic loss coefficient 


= 
oa 
(D 
rm 
(D 
wy 
ll 


Reynolds number correction 


> Tea W., 'Thermische Turbomaschinen, Erster Band,'' Springer 
Verlag, Berlin/Goettingen, Heidelber, 1958, pg. 269-298. 
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Xy = Mach number correction 

ors Trailing edge thickness correction 
om = Mixing loss correction 

op = Correction for straight blades 


The wall loss coefficient, which is due to the friction loss at the 
annulus of the hub and tip, is given by: 


S. sin 4 
ow 550 : X50 h 
The secondary loss coefficient is given by: 


a. Vo Sr0 i a 


where Vo = Aspect ratio correction 
eer Basic secondary loss 
os = Tip leakage loss 


A summary of the calculations is listed in Table V. 
4. Loss Coefficient Method By Soderberg 

The method of Soderberg is taken from a paper by hawleer.- 
Soderberg bases the loss on blade geometry, aspect ratio, thickness 
ratio, and Reynolds Number, and then relates the loss coefficient to 
the gas deflection angle through the aspect ratio only. He ignores 
Such parameters as Mach aber and certain non-dimensional gas prop- 
erties. 

The results of a calculation for the converging TTTR nozzles is 


listed in Table VL. 


Cage o cle: J. H., "Losses and Efficiencies in Axial Flow Turbines," 
Ins. J. Mech. Sci., Vol. 2, 1960, pg. 59-60. 
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TABLE IIT 
Prediction of Stator Discharge Angle 
s = 0.8594 in 
a =80720500in 
t = 0.0240 in 


O52 385 ain 


fo 

— 

1¢3) 
I 


050279 in 


ct 

— 

1¢3) 
Il 


HopeM < 0.5: 


# a 
Os a G~. [Ref. 8] 
K 
t 
ae 
-1-44 = 100) = 
LO 


0.9809 


x. 
(D 
ry 
(D 
yas 

ct 
| 


ke i 
Hence a = cos + (0.24318) = 75.92° 


x 
a=a +4 i 
e 
32 
where e = 37 [Ret 2) 
= 4.5338 


4(s/e) = 0.76° 
Hence a = 76068 


For My = 1.0 


a (M, = 1.0) = Coan ————=—--.\= ose (0.27152) =" 74025" 
s - t/cos a 


For M, (average) = 0.65 Oy (average) = 75.90° 
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TABLE IV 


Loss Coefficient by Method of Ainley 


-45. 30° 


Q 
i 


e = 1.4313 


s = 0.8594 


. 6004 


n 
~™ 
Q 
I 
oO 


= 0.0490: Fag. @ 
0) 
C y 7 = 
as oe 3 5? 
Ss kK h 37 C 3 
cos a 


tan Os + tan a, 
where tan 7 = oe = -1.9906 


Ke 
1S. 
“o>~ 

Q 
_— 
i 


i 
eC 
rs 
i 
»~ 


ae = a), 33. 
m 


B= 0.5 For non-shrouded wheels 





€ 

rE 
aac 2 (tan a, — tan Ot ) cos a = 3.50720 

_ 
(4,/a,) 7 
w. § a he 
a + Tom /0.D.) 

— Ano cos Oe 7 D9 h, cos Oy 
A, An cos ay mal hy cos Oy 
nme | 6h D = D 


2. 2 
cos a,/cos O 


1 


CF ee) 


Hence A = = f (0.0321) = 0.0056 


Fig. 8 
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0.0056 (3.5720)* 


Vee). = 0.0471 
. ota (-63.33) 
Hency Y = 4, + Y. == Ye = 0.0961 
t/s = 0.0279 
Trailing edge correction factor F = 1.02 
Hence Y = 1.02 (0.0961) = 0.0980 
ime a 
iste Y meh: 
1 oe 
— - 1 
eres 
a 
With My (average) = 0.65, re = 0.7055 (Run 15) 
TO average 


Cae 0.0756 
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= (-75.90) 


{[Ref. 9] 
page 99 


TABLE V 


Loss Coefficient By Method of Traupel 





S50 = se a4) = 0.0040 Fig. B3 
¥ 50 7 Ee, =) 
a om - 150 x 1.4313/12 5 79 x 10° 

1 5% x 10 
K = 0 
Hence XQ = 0.92 Fig. Bp 
‘i. £(M,) = 0.0/5 tor M, = 0.65 Fig. B4 
¥, = £(1-K) 
Pet - eG - ore. (0.8504 - 0-020) « o.2392 

ih Cos Jane 

Hence Ve = 1.60 Fig. B6 
Gy = £(1 - K) = 0.0700 Fig. B6 
Cp £(h/D ) 
h/D_ = peer = 0.0814 
Hence CE = 0.0250 Fig. B/ 


Thus es ="92 0090 x"0792 x"Ov0"5 x 1[760°+ 0.0709 |= O20z50 


or GO = 0.0954 


OnSeo4ossina/ae0 _ 
7 = 0.0040 x 0.92 x 0.690 = 0.0044 


Velo = f£(c/h) 


Besos | 
e/h = RCD) 2.078 
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Hence Volvo = 1.70 Fig. B9 


and Vo = 70 (Ono 2)e= 1.563 


| (-2 
ace 
i 


er 

Yul _ 725 | 

TU, 555 7 1.306 From point 8 Run 15 

Hence = 0.0350 Fig. B8 
a. = £ (h./h) = 0 Not applicable to stator 
Hence ce = 1.563 x 0.0350 = 0.0547 

eee = 0 Not applicable to stator 
Hence Ca O,0954 40.0044 + 0.0547— 0.1545 
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Loss Coefficient By Method of Soderberg 


1 * a: 
E (1+é) 98 oma - 1 


ao = 0 
he o 
a4 75.90 
b = 0.975 
h = 0.690 
mee = 0.248 
gE = £(Aa) = 0.0700 


Hence E! = 0.1580 


, eee 
Le eae 
4 C hs ea TO 7 To) 


TABLE VI 


Blade axial chord 
Blade height 


Thickness/chord 





J 


one ee a 
dl. 
Gree / i) 


With M, (average) = 0.65, 


ae. °= Oen0 22 


a 


EE wD 


7 = 0.7055,(Ran, 15) 


E 
TO average 


87 


APPENDIX B 


PREDICTION OF TORQUE ON CLOSURE 
PLATE AND SHROUD 

1. Torque on Closure Plate 

Because of the proximity of the rotor and its high speed rotation, 
a core of rotating fluid will be set up between the rotor and closure 
plate, and friction will thus transmit some torque to the closure 
plate. 

Schlichting , gives a formula for the torque transmitted to a 
Stationary flat plate by a rotating parallel plate, assuming the core 
of fluid rotates at one-half the speed of the wheel. 


For turbulent flow: 


= 0.037 pw 2? 
ara 


Using values of p and v for air at 520°R and one atmosphere, 


Wechor = 3.8/7 in 1/5 
(28) lee-pv ae x 107° x 60 x 144 


= 0.037 x 0.002378 & BN 33" 377 


This results in a moment of 0.007 ft-lbs at 10,000 RPM and 0.023 ft-lbs 
at 20,000 RPM. 
2. Torque on Shroud 

A torque will be transmitted to the rotor shroud by the tangen- 


tial component of V, and by the scrubbing of rotor at the tip. A 


1 


" Seasieich wae. H., ‘Boundary Layer Theory," pg. 607 
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8 
formula given by Schlichting for the torque transmitted between two 


rotating cylinders is: 


ne ‘ i : 
(r) = —— ct as wr SB ee W, - 
_ 2 DD i r ( +1) 
to ry = 
4 . m2 
a 1 2 a a ee 
dr Da | \ 2 ae 2 | 
2 1 
du 
t U ps 
ig Wy = QO and r = To 
| du 
M= T AoYs = ($2) ( 2ne,h ) t5 
iG - iG Z Ww 
a din 2 get 
or M = 4tuh : a . 9 
Z A 


As before, with the core assumed to ratate at one-half the rotor speed, 
and the values for air at standard conditions, the moment transmitted 


is 0.018 ft-lbs at 10,000 RPM and 0.037 ft-lbs at 20,000 RPM. 


Sschlichting, H., “Boundary Layer Theory,’ pg! 8i 
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APPENDIX C 


PREDICTION OF STATOR DISCHARGE 
PRESSURE DISTRIBUTION 
The equation of motion for absolute flow through a stator, as 
given by Vavra [Ref. 9] is: 


av VH=Vx(VxV) +TVst£ 


dt rE (C.1) 


If steady, frictionless flow is assumed, the equation reduces to: 


VH = Vx (V x V) +T Vs (c.2) 
Each variable in the above equation may then be expressed in an axisy- 
mmetric coordinate system, where 


sea aceon = oH 
1L a 1L =a 
m om R 06 n on 


qe Sequels OS 2 ee nlS. 
ry=7 (7, 245 19° th = 


V | acev,) 7 OV 
dV eee Beer Tes oe ae ecreny aie 
an m R an on m m 
i. aV 3 (RV 
+ “6 : V Le ee 
R ' m | 30 am 
ae ne - d(RV,) 7 Ye 3 (RV, ) : oe 
n d8 on n R on 00 
he Be 
a - ae 
. am | on i amt Kn 7 om n ah 


Equating components: 


m om R om 30 7 n on Hi Mi a a 
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n ! ds 
— + + = 
a {_ om "n a om (em3) 
V 3 
ie aH _ im * ae 2 a eee 
6 R 06 R 06 Jia R 06 on 
Leas 
aa | (C.4) 


BOVE, plow), Rio? Sine” ae’ « |p lame ete 
n on R on 06 m on nm m 
| av ds 
- —-+Vv K += , 
Me % om Va n on (C.5) 





where m = streamline coordinate 
n = coordinate normal to streamline 
KR = curvature of streamline 
KA = curvature of normal 


If axisymmetric flow is assumed, all terms with 3/98 vanish and since 


the equation is written along a streamline where Mas = Q 


Bal 0 = “n ASSP? (C.6) 
R 08 R om . 
3 (RV, ) 
gee V is not zero,.—————_ = 0 (Car ) 
m om 
Then Bil Os amd if adiabatic flow is assumed then tls OQ means H is 
om om om 


epee 0 4 
constant along a streamline. In addition, an QO means the flow is 
isentropic along a streamline. A consequence of these last two state- 


ments results in isentropic flow or Ves (V x V) = Q0. The remaining 


oT 


equation is then: 


V d(RV,) dV 

dH 8 9 m 2 os 

dn 6OR on Nes on v o = : on (C.8) 
or 

0 i Z Ve AR? dH dS 
ose. A me on !)hOU™”lCUome CUT CT 

Ve. t v 

Employing the relation H = a at 5 the following important 
equation results: 

3 2 2 i. Vas FO? ety 
me ea F eR Om aa! Ta 


V 2 
6 dS 
4 (*: ’ Yo : a ~ 


Equation (C.9) is known as the Radial Equilibrium Equation and is a 
linear differential equation with variable coefficients. 

If three additional important assumptions are made, namely that 
there is no temperature or entropy gradient at the stator entrance, 


d(RV,) 
and that em O or free vortex flow exists ahead of the stator, 


dn 
and finally that the streamlines are cylindrical surfaces with Kh = 0, 
then — (v,?) = 0, which means ‘_ is not a function of radius. If 
= kRV,) = 0 can be maintained in the stator, the same conclusion 
can be made for Ws at the stator discharge. 
The consequence of the above series of assumptions results in a 
set of velocity profiles as shown in Fig. 32. Also imposed on the 


profiles shown in Fig. 32 are the effects of annulus friction and 


secondary flow. 


g2 





(a) Axial (b) Tangential (c) Resultant 


Component We Component V Velocity V 


0 


Figure 32 


Predicted Velocity Profiles at Stator Discharge 


The unequal pressure between the convex and concave sides of a 
blade cause trailing vorticies to be formed and are the origin of 
the secondary flow. The vorticies cause a reduction in the tangen- 
tial component near the hub and tip radii. It is evident from the 
above velocity profile in Fig. 32C that the pressure distribution 


must necessariiy be a complicated one and not linear. 


d(RV,) 
When the assumption that on on O is put in cylindrical coordi- 
nates, so that: 
a(RV) . 9(RV, tana) ae 
OR OR 
on 
vee R o(tana) + V_ tana = 0 
a OR a 
hence 


ie 0 G 
cant - 2 - z _— (C.10) 


23 


d(RV_) 
-But for — = Q the blades must themselves be radial, and their 


geometry is given by Vavra [Ref. 9] as 


da tana 
a On (C.11) 


Since equations (C.10) and (C.11) are in opposition to each other, 





the blades cannot everywhere be radial, and thus the blades will 
exert a force on the flow in a radial direction, which will produce 


curved stream surfaces. As a result, the assumption of axisymmetric 
a(RV ) 
stream surfaces is in error, and in addition ae QO cannot be 


maintained in the stator, so free vortex flow is not possible. Thus 
ae V a(RV_) 
a u 


u 
3 ster aR 


dR 
is constant total enthalpy and flow angle ahead of the stator. The 


and this can be solved if it is assumed there 


solution is given by Vavra [Ref. 8] which is: 


sin? a 
Ro ili 
Veg , Van er 


where Va = axial velocity at the mean raduis. Thus Me = £(R) and 
the resulting velocity or pressure distribution becomes extremely 


complicated. 


94 


STATCR RESULES 


INSFRET P/N 2° C5-FISTRAIGHT) 


andy 


SrROUN PSA 


CONVERGING NOZZLES, 


COKFLGURATIUN- 


1 ALG ¢& 


NAaTe 


RUN NUMBFR 15 


1 


ME THGI J 


FORCE AND MUMENT BALANCF(L&S AND FT-LAS) 


RFORQ 


kKFAX 


TORG(+) CLIORQ(+) 


CLFAXC+) FEL) rests) ia asi tsa) F4(-) FS(-) F6A(-) FNET 


FAX (+) 


POINT 


fOr oore 
DHA ITMAISOD 
@eeeteeesetkeage @ 


SOOoSROLOe 


OT Fee ayor 
TOMKR LF OD 
eet@tee@etee#t 
OCOWUDaMur oO 
~_ | = AION 
' 


amrrryeses 
Oee OCCOOG 
eeeesrteete¢ 
CRS See 


Ame Om MO 
Ee OSKOTNnNITISS 
@eteetet#e@ 
rien 


at et et 


hw FO TN 
ONT O™ 7 Or 
eosneoeoeeov ee 
C eQ\etn Smo 
a ed 


NDaw OOo 
~COomrnnr 

eoeeoeweeee 
tom COW CON 
Om MPRA ST 
CoODODOODOEE™ 


UP et OP AT AL 
FOOCOonD=—oO- 
eeeoeeee#e#e##s¢ 
Omer r rons 
cCownrworecse 


DOM OOF OH mT 
BAS PINE 
e@ee3#2see#e#¢68 
ococelrovcnse 
PAMWOAMr er 


eel Cre Seno 
8 at ht nd et ot OD 
eeeeeee#e#e 
Owe CSO 
vyevrrrss5t 
wwwvy9ertsssr 
LAUR UA A aun 
eeeteoeeeae e@ 
Lcocoovwv sow 
DDE BLOB OS 


PTF eK ONT te 


ANIA NIU AUN 


VovOuVovy 
SoSeCoranrn 
@eeetee#t#e#e# 
eh ed A md 
we QOVIOC ws 
AION AIAN AIOE 
St a ee 


uP BMAD IMO 
OO EN Dao 
eeeteve5e?#e#es#8s 
COCORNANIM St 


Ot tt tt 


CNUEEOS PHS 
OWMOBCMIOTS 
eeeeee##ee 
WErONMAOOs 
| m= AIM ND 
‘ 


HNN IN OH DO 


AND STATOR SLOCKAGE FAC TUR 


FLOW FNC, 


RECNUZ), 


RE 


FLOW RATES(LSEM/SFC), 


x1 


PH] 


LABLEAK 


NOZZLte FLOW 


POIAT 


TURPINE FLOW 


APPENDIX D 


BOMmAADoe FF 
OF wESCOAUD 
Car orToroac 
Sar DOoOoOoOoOoOD 
*e#eeetee @ 
CLALCCAACOA 


MDOP MaHM oO 
ocoror ormn 
KEM OOONS 
BAA A A Aa 
@e*eeteeev#e*e#«¢ 


SOCOQI2OCOO0CEO 


@ee@tee#n+e*@*s@#e@ 
CITOOSPR MAN 
aS TNO SNM 
Kans Dom wD 
“AOC CM NR 
Neat eS D 
PABA SAL tT 


BOSS ASCD am 
PD SOA St 
AAAAMAAM Mmm 
COO OAMANES 
eeoecteeete 
=) oe Teo Vor card st om Pia Haat | 


NAOT FDO 
NG TORMRaAryY 
Mia IO OP Por Oe 
DVM O 
eee7eve@et#¢#e«¢ 
at ed oh nd ee OO ed 


KANNAN ODAN 
MNeoTrarom 
ON ANNA OOM 
Doon nDorr 
e# es eevee? *¢ 
be et het et 


=HKNMT NOM TO 


35) 


PRESSURESEPSIA AND PRESSURE RATIOS 


STATOR PRIPTO/PILAV) 


PLENUM PRI PTPL/PHD) 


PNOZ PTPL PTC Pl AV PHC 


PCINT 


AOTO OME 
CONT ONVO ST 
~~ Ne Ne 
wrsrsrrrsrmm 
@eeeeee#e@#ee#es 
tt ed et nd oh et od ee 


LONDT NOTES 
DOWN DOTS 
tt cet et ON ed ot mt ot 
UA NU UN 
eeoeeeveeee 
SS Het Hie a 


Lee ERE ee 
WAIN 
@e@e*aeee#e#e¢e8# 
rrerersrresrs 
ok et ome et od 4 ot ot od 


SNM ODOOrwWm 
DBOoonnrrowu 
eee#wenee#et8e¢egs. 
TYPOMOAANWNO 
SaaS A OS t 


=A OOOO 
VOUDSTCODD 
*e@e#*tew#we¢egee 
8 nt od nd et te 
AIAINIOIAINCINA 


NA Or one 
HAHmUO-MOO0OO 
@eeeoeenseove¢@e#8e 
ALAIN NAIA 
IRIN AIA AIA 


MOM ALA OM Mme 
COP Om =O 


OOK GDOOOOSO 
PIE ARAL EE ON 


SNM NOM OO 


TEMPFRATURES(SEG kK) 


TTPL TTG6 Tl TAS 


POINT 


Same wr Ae 
CNS Hema 
@eeee2anveee80e 
ReNWa P ano 
Ce IW aati 
TACKAPAOW 


DNR OE MD ae 
ANNA Des 
eeeseeses#e#e#? @ 
DNMADDOIOTE 
Ont eOninia 
LN AUN NUN NDS 


ATO OW on 
FOMMO Leg? 
eoateereeve 
tanyrysIIS 
WOODQOODOOD 
LRN UN UN UN 


MONMO OMOr 
THAN ONA OF 
eetmeoeeeese 
™ SI PAU S 
WODOCIDODS 
UAARUAA RAL nas 


ANOTAOM CO 


BNI} MACHA PINTS 


Puee, 
KVA] 


ANGLESIUEDD, Vea 


VECOCE TES FA5tOD, 


AsStebart 


kKVUL 


VC IFES “Vv 4VAl1 


ALPHA ] 


a 


Vv 


vul v1 


VAl 


POINT 


FN TIM 
em ACT OL fee 
PON wm IO DI 
HOC LLCGOHA 
eeeesetete 


Or COSC Oe 


THe SEEMS 
POM LINAS 
OL OL LS FHI 
oe he ge) oe 
ee®eenree#eee 
ene Ce MOCO 


WUTDICewONS 
FT mun TD Or 
2e@eeeereer#krtee 
wee OP OS Lot we 
VO Neate CMS 
YR ws en are 


“RETRO re rem 
COO TLE Te 
eeerteeeee 
—m NIT KOO 
rennaoorw 
Pree Pine Poe Pa Pw Bee Pe OS 


FmIRPOsrsrTNr 
*Feoan STEFF 
@eeeeeeeee 
LINGO OTN 
POTEET FOO 


bh St I tet 


mK NST THOM DD 


AND MACH NAS 


AN GLESTNEG), 


RELATIVE VEL ICITIESCFISS&C Dy 


wul wl U1 KFTA I “wl 


wl 


PCTNT 


NAAN tm 
BAM aM NEAL 
arn TLIT 
FREE NA At 
eseeeeeee 


SOOM OUI 


NO™ONNS HY 
TOoOVTrworrres 
soee eee ee 
TNCM PFI AO 
OO OHFKLKLAM 


met DOSS Lee 
ORS \Mam O 
eeeeeeke#erte 
wh OAS PhS oe 
KTM SE Aan 
Or eFrernw 


=m FUNG ME FE 
MmPrmKoeeNU 
eeee#ee#serte 
HIr-DOMecy 
Hm DNAS Mw 
Fr KANN 


PPB OQOmm FOO 
Pe CAT hme ow 
eseeeeeecs 
SIF RORAA SF D 
mINT OMAN 
PP REIN Nt 


THF ™ SOLON 
TRO Om LIS 
eeeeeerteese 
LISFMOGM LON 
2yMCvoerr ow 


St et Oe es et 


SATA OM OO 


CRFICIENCIES 


TA STATC H11.-74 TAS) 


- 
= 


ZETA STATOR 


POINT 


ae FOaMIMIOT 
FTOLOM DONT 
Pe he frm pe Pm OD 
tt dat nt 
@eteoeseetees 


COMIDOIC OOD 


HAND FLOP DOO 


96 





RCTQR RESULTS 


eau? LN 


RKAILAL CUNC 


IN» 


PNM So — Neer VAL GUNG) | DeeioC 


LF ROTCR, 


SHAK) 


CIRCULAR AKC, 


CONF IGURATION- 


1 ALG ¢t9 


OATF 


RUN AELMBER 15 


! 


= 


ME THOOE) 


PRESSURE RATIANIS 


ANO 


PRESSURES(PSIA) 


=14.57 


PAMBG 


OVERALL PPLPTO/P2) 


PLAV TZ P2=PHD 


PTO 


POINT 


SHO xa 
FRnmarmy oy 
OOrt ODVLOCO 
WALA LA UB UN LS SS 
eeonreee ee @ 
Oo gg tt tt ee 


PEER 
WALA UD UD LDU LW 
@eeteeee##ee 
Iw9wru49eesws994 


et et ed ed od od end ot ee 


LUNOCONT IT 
SEER MLM 
@eetee*evtee# ee 
STITT TON 
et ed et ad ed ot tt 


HSNO O Tee 
DEONNT FON 
@eteeeteet?# 
TTMWWODODOOW OO 
a te ed ee 


ah CO OD 
POCDCIESOT oD 
e@oe*#tervee8eeee 
a ed tt 
NIN NNN NOUN 


AINA TOOM OO 


TEMPERATURESCOFG R) 


DELTA Tw 


TTO 1 TE TT¥2 12 Wes T2TH TT2ES DELTA TIS 
556.83 


PLINE 


WE Mam AOL 
TANTnWovnoys 
*#eteteeste 0 @ 
MODORDOTS 
rerrrrerm 


CAO OOOrE Or3 
MODOOELTOCHDBSD 
@eeeteeee#eee#¢ 
tt ned md ONIN mt ONY 
OOOOOOLOO 


APA a inn 
TOMMANTVNO 
@eteteeteoere 
SONS TTOMme 
FOO" 2,000 o4 
TOODAA BAY 


AS BOOM STUN 
DM Feo oO 
eoeoreeoete ee 
In BoONNA INA 
BOSOM OC 
FYITOOODONW 


TOOK KITS + 
MOOI 
eeeesee#e#8 ete 
BO Ova Nee 
OT at ed el tt et ot 
altaltallal al! sitallalts) 


TOCCHRNND 
TAOATNMNNO 
eeeeeeertkte 
MAN 
Cet et te St et 
PDD MAAR MAW 


QProcce rea 
POD ate NC 


NeNNencNn 
WU A 


DN AO Rh 6 ei 
AID ONIN © Om 
e@eeeeteteee 
DBuMDODMDOooOTe 
CO mt ot ned ee ON NIN 
altel altalfal allal' alls} 


Qo 
[aa] 


w 
a 
° 


t 
eo 
a) 


560.64 
562.39 
564.65 
564.44 
564.71 
564.95 


wT 
0 
aw 


ANATAOOP OS 


37 


VEECCITIES@FET/S°C) ANID ANGLE SO(DFG) 


ARSCLLT? 


STALE FLUliw FAL TN 


STAGE LUAIING FACT 


“MV? 


ALPHA ? 


vu2 ? "as 


VA2 


PCINT 


fms + een es 
7.7m uu Yana s 
eer eee eee 
a et ot et ot CD 


eS Oe Tee 
OCU s+ ENN 
eeeeteeeeet8#88@ 
$F SA SAN 
' mer LL 


CO me e™ me FSU 
ome OH OF PNG 
eeeteeneee 
mA oe. mone 
wf Owwtdunen 
wR v2 oe DED 


"Nu IF NTH 
ww Nh AIM 
e@eeneeteseteteeé 
MUI PCMINE O 
Ife onMmae 

eg Og mg et ome MG 


PNT OR FO em 
=, i _—- th 
eee*weeee @ 
rr PSA 2s 
Sm FOC OH 
| amt, 


» Leu AITO 
FVII AEH OIN 
@eeeeeteeeeé 
we CrrBbe~ yr 
LIT IIIIFT 
Oe et tt eg 


RNS H OM OF 


AND REL VEL COEFS 


ANoLESEDEGI, 


VELUCTELIESCFET/SEC). 


PELATI ve 


OBFTA wlTEFS Mw? 


beta 2 


wU2 w2 u2 w?1S 


wA2 


PCINT 


HFPLC™ Le 
“aM Aa LAC Sg 
foro orrsry 
OS es PER ON OR A eS AN 
eeet*ne#ree 


MOOI AAL Cc: 


SH COPTANT Te 
Cre DOF moe 
TOV fone Fm 
SYORI POP TEL 
e@eeteteoene 
ROPING AT 


ARE AM oe OF 
Pango nen 
e@eteetee#s#eeee®e 
Ne OTE BNO OW 
RENNER Nt 


ee 8 et et wet ot ot 


wryreca rns) 
BEC AAVAI DIL 
@eeteeeeeee 
Cory TSC7T*%2 t 
OL SL LE OLS 
tettertprene 
Nm IOI HOVSS 
H—NOT™ SHAS 
@eteertee#ee 
“rer errTorer 
SPIT ONE ILT 
r¥wrerrsrsrs 


-Crortnron 
RDNDO TID 
@eeeeeev#ee 
PMA SAAD 
eFeyHrrwm 
Se FIPS IHS 


BLOGS ONT wT 
wm DE PY 
eoeeeeteeee 
VA PHS OLUY 
TRAY OD 
¥ryww@wsrsersen 


OT FORK O™ 
FAP 2 Gam 
eo@eeeteevte 
MO IPO AD 
OOTP OID 
FIC Nnr eres 
pivrreete 


Oa VA TO 
AST HEHOIN 
@e0aeeeee#e?#e 
Ootearcn~nn yr 
HNIIIPIL eT 
= te et et 


=NANT AO DO 


ANC FATHAL PY DROP CBT U/L IM) 


wCKK QUTPUTC(HPD, 


EFFICTENCTES, RPM, 


ETA QTC RCL -2F TAR) 


EFF DEGREE OF REACTICN 


PEHCAT FACTOR 


OFLTA Hw 


DELTA HIS 


HP 


Row 


ZETA ROTCA 


PCINT 


POA — ODF am 
LTONMONAENS 
ae FOHOosA ODD 
COC? stat mmf 
eoet*eetsteoe 6 
ASCOIOASOC A 


OHFMAMIFTHAA 
Cooter arrd 
NGOS et tt et mt tt 
CVI e .Qiywames» 
e@ee@*tseeeete 
et et ot ee 


BSParaF FAIL LH 
S“OODTOOMSY 
@seeteoeete 
et et ot ot ot om 
et tt et ot ts 


FPIIFTIF PON 
RN eR 


eeeeereee#e#e 
VE NOWOCOLU 
ORO RS ANAINE 
OPOBNENCO 
CF Se NNA Am 
ee et ee et 


HKINNI HO OF 


98 





GENERAL RESULTS 


1 AUG 69 


DATE 


RUN NUMBER 15 


ue 
oOo 
Se te 
wea 
hod OD ome 
x ab 
9 LL ee 
Wor 


bbe 
co- 
— 2 
Lan bm 
We Ob 


CD LU we 
i Gn 


Lu 
oc 
Wik a> 
ei 
xat 
COLL me 


REFERRED 
MOMENT 
FT=L8 


Zae 
had be LJ 
m1 
Qh ox 
ome (FLL 
LL Oo 


COW CRO SO OU ns 
TOTAHOos On 
ODONATINOO 
SHA NNN MS 
®eeee@e8e¢%8es? *@ 


COOMIOMOYND 


ANS OFM O OO 
DWN APCD 
MDM OANA O 
VUCE AMAA 
e@eeees2eee¢e 


BOCooooeoTe 


DHF OS ham y 
NAS ONEMOM so 
CHmAN=ON aN 
QIOOIUIAMAGDO4 
@eee#eeeeeeee#s*¢ 
Ceooe CoC wo 
err ay 


DHAOMMACH FO 
CNAWS DOOM 
OMAN DM Oo 
eoee?ee?8e#ee8e6 
ASAAarnwor., 
ed ed ed td dd 


MOAITNMAWnG 
OTHMAN OO 
MCOMAOC OM AMS 
> @e@eeeeee¢?e 
CIPeonwmorwoy 
=a 


DHAHOARROAMYN 
NEN SAT OOD 
POON FO HO 
NNANANN AR 
eeeeevs8etee 
ae ee St SS St ee 


CANOMMARMAY 
DAA QWOOLMO 
@®eeee?eee* 
BOON NSAa ON 
-ODDetaorer 


I OOCHHON 
FRAMES GST DOWO 
®esecoeeeet ¢@ @ 
MmDOROOM AE 
eee EPR 


WAC ODBNOTS 
ANTE Tao 
PNM OWA UO 
HOT OV Max 
®eeteeeseseeee#e@ 
WFTANMH AANA 


e@oeteteeee¢e 
AOTINACTOMD 
WOONT OPE Tin 
DAW AM AY OMe 
KDOOAKHOIN TO 

at 


SN MOM Nt Ot 
TDA AFTON 
COoOdsg09NOoO90cG 
UN LALA A AUS AS 
@ees+eeee#e¢ee 
ad ced ed ed Od oe ad odd 


aAINOATHWOFODp 


99 


STATCR RESULTS 


INSFOT P/N 2699-305 TRAIGHT ) 


SHERGUD PSN TO 52, 


MEZZELES, 


CUNVERGIAG 


CONF [GURATION- 


OY 


1 ALG 


DAT 


RUN NUMBER 15 


> 


Mi THOU Js 


FCRCF AND PCMENT PALANCE(LBS AND FT-tS) 


RTCIRQ 


rr } Fat-)} Pat =) Fo(-) FS(-) FRA <=) FNFT TOPQ(#) CLICRQ( +) REAX 


FAX(#) CLFAK( 4) FC U4) 


PCINT 


TON FOOMmS 
TAS Mat OD 
eeoeoeveee ee 


Goecrcroe arr 


CIP SAE NCE 
ToNatQunT O 
eecoeveveeree 
CHOC CMm Oo 
— | Sa 
{ 


masrsrerTrysy 
© GCevace CC 
@eeeeee#eeeese 
CA GG Gt yc. 


Om OP. Oe OD 
Mm OMIROR IAS 
e®eeetkeetetee ee 
rerersrannmne 


nd ee ed ed ed ot es od od 


DAT ey D jpmtom 
WIN oO ~& a 
eee @e @ et @ @ 


COweooergreg 


NAKHON ODA 
~~ CPM PNAE 
@eeeeeeteteee ee 
Cem OC CC UN 
Cem Orron sr 
COO DOOREPE 


OME agony 


eeoeveveeve © 8 
NADI AWN 
~~ OPO 
ANIA NINN Ee 


Ie 

no 
es e@ ee ee 
= og —Iled —a— 
YVOOLTRL0UN 
ARIA NIA AUNAu NN 
cg ed ed ed ad eg 


wwe OU 
TIrerer 


1.9€ 
1.9¢ 
1.90 


WM SMB MmS AN 
eeceoeveevee 
SOOQSTANG ST 


od od od eg nd ee) Od om 


ONO DOF9300 
OKNDBDOMIOTT 
eeeeeeeeee 
TKONeEHoOoOL 
— | ated NIE UN OO 
5 


=NATAOM OD 


ANO STATOR BLOCKAGE FACTOR 


RE(NUZ}), FLOW FNC, 


RE 


FLOW RATES(LYM/SEC), 


TURBINE Flu 


x1 


PEI 


LABLEAK 


NOZZLE FLOW 


POINT 


OMNONSCEOKE 
CaO MMAes 
Coceacrzve? 
cSCrorr Poon 
e 


NDOT ST Ma oO 
COTO OSIM 
wre rere COONS 
USS SR US SUN 
@eeeeee#eeee8ee 


OVOVOVGCVCO 


@®eee#eesreeeeege# 
OPPO —m Orn 
ays Pa N Tae 
~ Oa DOM © 
ASO OEN=OO 
Newt OC. OOD 
WAR AANAS FF 


ADS LO deTDaM 
FORM SOAS 
MAOAMAMNMAMM & 
AACE OOCO 
*eeeee#8e* 
PFOANIOOCAS 


NMC IT Der. 
NO POR aT oO 
Oa TEE Mo 
ZL£ecneeerr oO 
@®@eet @eeteteeee¢ 
a = St oe SS Ss 


PANNA OTN 
OVE TP at FP OM 
OWN OM 
of 0 0 00 OP pe 
eeeteeeee?ee¢ 
nd a ed ond od nd od ond eed 


SINATRA OM OS 


100 


PRESSURES(PSI1A}) ANO PRESSURE RATIOS 


PAWB=14.57 


PCINT 


STATOR PRIPTO/PILAV) 


PLENUM PRIPTPL/PHO) 


PTPL PTC PLAV PHO 


PNOZ 


PoyMImMay lon. 


BONA ONDA 
~OPTNe Ce Mm 
reryrorrsr om 
@eeeeeeeeee#@ 
om get ed cmd pend 4 peed) cad ed 


OOCNOONOTS 
- eal a Wat emel a g 
nd ed a ed od mt od ot 
KARAM AU WW 
eeeeeerteee 
ot od od od od oF ong oF ot 


Pre Pre Pm Phe Pe Pan Pe Pe fn 
LUA AAA AAU 
@#eeee%eeeeeeeéee 
rewyrrrss 


ed bt ng et 


aFTOMCOMM 
DOKMMAUNens 
eeoeceoeee eo 


TITIHOHWMMNNY wo 


Se ee oS 


aAaOrm™ QOoxow 
FYOORCorr or 
eeeteeteeete 
SSeS el ot ed 
AUN NINN AIA GAL 


AU DM GOO pe Ph 
=A=OOnMOOOT) 
eeeteeeee#ees ee 
ANNAN ANN 
NINN NNN 


MOM NNHOMME 
Oot oOHK=4OV0 


@eeeeeerteeee#sete 
OONDODOODO0D 
AAMAMAMOOMOMAM 


KNOT OM OM 


TE MPERATURES(OEG RI 


TLIis 


TTPL TTC 


POINT 


MAN ODO 
SONNE Fwd O 
eeeee#e#ee#5§5eee 
MNO ANOT 
AS Dd Cad at ott 
TAWWAWMWY 


PUNE CO DACP hm 
“nD Or SO 
eooeeeee ee 
CMmO@DMPan yD 
Od ed ed et A IANO 
IAW Ann nn 


OTK ONT ann 
BPOMMO SOP 
eeee#e#ee6gqee#es 
oonyyyYaIss 
NQOWDODDO0O 
UNA Ina 


MONMO ONO 
CEMANDONAOPM 
eeesvs#et8kee 
PaO nn 
NYODDOOOOOO 
WA AIA AUN 


HINO FINOM OD 


VEL CUFF, AND MACH NOS 


ANGLES( DEG), 


ABSCLUTE VELUCITIES(FT/SEC), 


RVAL PVU1 


MVAI 


vul V1 V11S ALPHA 1 VCNFFS MV 


VAl 


PCC(NT 


TaTrOsSMaiCln 
TAH TSTODMMO 
A Masta POS 
LCODDOOMMOAW 
eoeee#eee?8 @ @ 


CoOCocec ao 


Lt SA St Oat 
COM™ FTN SAD 
DARA RB BAA SO 
ee SS et eo oe 
e@eeeet8e tee ese 


COOAGS00oO 


mA RDM OM O 
DOM MOOMOS 
Ocooornmns 
el od a on ee 
9 e@eecskeeee ee 


Cc OO OOCOO0O 


DAA DAMA sh © 
TAMOSCN OMH 
ZK MO ORY Aaja 
cCwoowowowowoon 
eet @eeteee 


€ OUDOON0CON 


LIENODOr ONS 
Ovovoerncorwn 
COMCOC OHO 
FOSOPMO OPT 
eervreeere8 @ 


SGOCcocoo0o 


TOSFPN ST ON 
~ormopneE oP 
eeesrveeeeete 
BAA OW 
eee eee 


OVeOaorwn 
NAKHON OS 
eecreeevee @ 
wt Ae et oT US 
TON ete POM 
ooDpnoorrerer 


Mott Oerore 
WM FDMOOCHKN 
@eeeee#eee¢e# @ 
ARAM MOAI oO 
WIAA 60) Ot PS OD 
eer OO 


Pe eet eet ID wet LS 
ML LOSDMArg 
eeeeveeeee 
MAL ONADOOW 
POO mt tet OP OP 
~~~ Mm OD OO 


OAM MOO me a 
CADP OKO 
eeeoeoeee ee 
ATNASM™ OSM 
Ororerrem ODO 
el om ced at gang ed od geet 


SANA TAOM OS 


AND MACH NOS 


ANGLES(DEG), 


RELATIVE VELOCITIESCFT/SEC)D, 


wUl wl Ul PETA 1 Mw 


WAL 


POINT 


TOA wt et OO 
Caner or 
OMNIS oma + 
POF FAC CUAL wet ont 
eeeteteevree 


\tlalelelelelelale) 


A OM Am Oto 
Am Stet Oa O 
eoeteoerere.e 
Naa OMAHA OON 
DO DMB IA S$ 


a et IO) OWI OD mt 
OWMOD ny aa O 
@e@ee?#eeee#ee 
ODpronTone 
~DOUMAM ON 
MARrIITISNS 


MOD te mh FF US at 
OMT ONMOMA 
*enreestee@ 
ODOCnTTE Om 
WO WIM OU O 
TAMMMNANAIN He 


OTOMOMNNO ST 
MORON TE Te 
eee#eoeet @ @ @ 
PO COR Net OD 
0 FORMNON 
MO MANN Net 


ODNAM OMG at 
SNOT DAA OO 
@ereetee @ 
TIP OM OFM 
Oa comm mm OO 
at =) See ad om SS 


KINI OTOAOD MOM 


EFFICIENCIES 


ETA STATOR(L.-ZETAS) 


ZETA STATOR 


PC(NT 


CYmMarnysee 
ON OM Oat gy Haat 
tN) at Af ated AO 
BDDDwOonnmnmwoend 
ee@e@etetesee 
OVUGOVOU OU 


COE NSA OMM 
OMmANaONn SO 
Cm aoranroe 
eal eet at med ed a ed ed 
eoee#e##8¢#¢4¢ 


OOCoOoCoC00o 


MAIO ST UN Or OO 


lO] 


KCTCR KESULTS 


KANTAL CLNC ~.7F9° [N 


P/N LG34-A, AXKTAL CINC Vo25 INe 


RETOR, 


SHAFP Lt 


CIRCULAR AFC, 


CONF IGURATION- 


9 


1 AUG 


CATE 


kKUN NUMBFR 15 


? 


METHOD J 


AND PRESSURE RATIOS 


PRESSURE SCPSTA)D 


OVERALL PRIPTII/P2) 


VHO 


P1AV PT¥2 P2= 


PTO 


PCINT 


AWD DL Yo © aw 
The ASSO 
oOoo0dnoo00ece 
ABRBOL PAM 
e@eeee#t#eet @ 
ad at oat Ot od pat ot ee 


eR 
AAR a 
*eeee#eeee#ee 
rwrerrevores 


Sot es tes et Se 


Mm Ow ONAU 
op ee eh DO) 

o*®see@ eee @ @ 
rrr Fe 
8 a et et et at ad et 


DR AMADA 
eeeeee%ee#8ee¢ 
TIFMWME Ww O 


wet et nd 8 ed nd ges 


Am GOOD 
SOOODeoorerc® 
eoeceereeees 
od ps mt ed ay ea 


NNNNNNNOAIN 


HANA TAOM OO 


TEMPERATURES( DEG 8) 


DELTA TW 


TTO Tl Tt TT2 T2 T2IS T2TH Tez tS DELTA TIS 


POINT 


DOr AE TA 
TA NWoOTeos 
eeeeeeeeeetee 
EOnooonre 
rrmoerrerm 


OW? CDH OO 
ADOCOoT ODO 
eeeeees®= ee 
ond mt ont ot NY NING mY 
OOOO DBOODOO 


BRIN FTE 
TOWMN OC) Om 
e@eeeeekee 
PONT FT OE O 
Socw Wo d- 
THHWVAHA DLN 


AON O™ SOW 
DEM TamACe 
oeeeee# ¢ @ 
DOONANNININ 
SOOOCOOUY 
TENA ARMAW 


mF POS 
OONE THK ODO 
eeee#eeee8 @ 
OD tt ms INICIO 
C6 St nt et nd nd ps mt 
BRB A AWA 


csacornemsscye 
ON tot mt TP A 
eeeteeteeee 
EPONM AMMAN 
Co nd nd md Ot ome ed og OS 


DRAB AAA 


TOOCO~RCH 
MO mm NCW 
eoee#t8ee#8e ee 
CNMAWE OOW 
Dt et wt et mt mt TION 
WAR BARA 


NOBWSIOEOCST S 
BaP WN COO 
®*eeeeeeeee# 
OO OOOO Da 
NNNNN NN 
Wa aD alal al slat gira! 


RA DA 
=—aDVOorrod 
@eeeeeet#¢#o @ 
SMOOTO tT oO 
Ct et mt NOY ONES 
WBA LAU WU 


NIOOW FAW 
DOMMOS~ OS 
eeeeee##8%¢¢e 


CONT wes 


KH NM TAOM OS 


102. 


ABSOLUTE VELOCITIESCFTZSEC) AND ANGLE S(XEG) 


STAGE FLOW FACTOR 


STAGE LOADING FACTOR 


VIS ALPHA 2 MV2 


V2 


VA2 VU2 


PCINT 


Omrornaoonw 
FTOMABMOMAMAN 
eoeese##?#e#ee%#8e?e6 


Saco ooaG 


Wet AO AO ooh Oo 
OOMMOA STAHL 
eeeeee#e#e# 
ONS rt mt et et 1 SC 


ODEN TOA OF 
ODTONOF NDS 
TOON TA HAO 
ek rt od aed od od ee ONION 
@eeese8eee%esee#e#e# 


BCQOOdB9NOCO 


DODAEAIONTS 
FTRTOMONCOSY 
e@eeeeteeteet @ 
TOUT CaNMes 
-_ | met NFO WO 
1 


OO tet AP ACU 
HSAaORMSTANAC 
@eet @eeees *# 
SANAAN OM FNM 
MWOWODOOOD 
STeTnDawmnornonms 


WF FAP POD OW 
Net ST TAINAN 
eoeeeeee @ 
THC Mor nor 
CAS AUN Om Fo 
8 mE oe ged Md get ged TAI EN) 


NSORE Mm CDN 
DC OOTeUM 
@eeeeees8e# 6 
OK ADAP I mm 
A= ADAM OO O 
44 aN 


PMANNADOWN 
NOLAN Warm 
eeeee#s#8ee#?e 
QDIOeDor~rs wu 
WOATIITTT ST 
tt et od Meat od a 


SICA THO™~ OS 


ANO REL VEL COEFS 


ANGLESCOEG), 


RELATIVE VELOCITIESCFT/SEC), 


WU2 w2 (J2 W218 BETA 2 OBETA WCDOEFS MW2 


wA2 


PCINT 


a0ODOOrFCOM 
ONO A STH 
SAP omarnwo 
FAFAM HMPA LATA 
@®eee@ee#e8e#ee 


oOo0o0c Ooceo 


COSTNODODO 
DIMOOMAON 
MmOPrDODOOON 
BOAO rroan 
eeetee3#e? @ 


CAQCACAIIS 


MOO0rM—MOOD 
Or Loong 
eeteeetetee8t @ 
Na OTF aoosnu 
NAMOAINAN=OF 


Mm FOROS ao 
rorwrsrrsrne 
wrywyressrys 


MmOovrTOoOansom 
mIMN Oot Toh 
@e@e@eeee%eee?ee?ss# 
TCAINGCANT 
Moar nNDoom 
MAT ITT NO 


aOmmneer OD 
TOOMNDMOON 
®@eeetetet @ eo @ 
~DOCam ODT 
MPAA MAM NAS © 
rewerrsrory 


SOVMNNANS 
rE Oras 
@eetee @e 8 
OMOIMIN HOC mM 
ae OOCOFrF- 
rervrsrymn 
i 


CUNNWNOCOWMN 
NOTH HAM 
Cot eeoeveee 
OO DOhHm™ TN 


WAT IT IST 
ae ee Ye om HS = 


BNO FINO OO 


AND ENTHALPY OROP(BTU/LBM) 


WORK ODUTPUTCHP), 


EFFICIENCIES: RPM, 


ETA ROTOR(L.-ZETAR) 


EFF OEGREE OF REACTION 


REHEAT FACTOR 


DELTA Hw 


HP OELTA HIS 


RPM 


ZETA ROTOR 


POINT 


OF FOS HAOMS 
NOSTITNoaos 
PALO 4 POLL Fh pe 
OOCet aH 
ee@eoeoeeee@ 


OOCag0caga 


DADS OMAM 
NoaDmocowre 
NAN at et SIN ot mt 
COOMOOOOOO 
eeoeoteteeevee 
ed ed ed et ot 1 


DANK SF DOVNOO 
NOOoDDOOeFT 
@®ee0eeeeeee?ee# 
nd et dd et ot tt 
ed cd cet et od ed 


WO OP AM Tr 
eeetwet®eoeee 
BAEKPIASON 
ANNAN NAN 


®eteeeteoee?#e 
oOCoooooo°coe 
POON NNAN 
SHODNDNGOO 
OQ ANAL fr 
mde med md od ond eet md 


TMOAM AON Or 
OO ODIMINGCDO 
WAS SMUT Np 
POAAOOASMH oO 
@ees2#oeee#ete 


VOwVOVOVEG 


DOP ATAA FUNC M 
MOANOMM—OM 
THNDOMOWN 
oOooooo0onnm 


Coocoo0oeom 


ANMATN OF OO 


103 


GENERAL RESULTS 


lL AUG #4 


CATE 


RUN AUMBER 15 


EFF PCIENCY 
TOT<TaOT 
PERCENT 


SPEE 
KP 


PR 


PCIAT 


DHAASNHOP Kae 
Torac OFT ON 
ODAUMIFPHOO 
=e NOUN AM 


COOooeCoooce 


NN Oem OAS 
POPPA M ah 
PV OD my A mt O 
WOC wes anny 
*eese#e%se?@e@ 


CQOOCO0OO OO 


Dam OS Ph ot m 
AAT ONEUR O 
Cm ANON DOW 
OOCDCOdC!= 
e«e*eee#eestkes¢ 
Oo ae ee 
( J 


TNOKMCSSH TO 
SCNMAIOOOM 
cH NMOOKCO 
e*e5e5eeeg@8 @ee 
CoocostDuorvy 


ee eet St St ee ot ot 


MAINE NANO 
CTHGOAe HVS 
Ac OF COKE 
*®#ee#eet eee 
LP DOem Oy 


= — 


Tit Ot OO ee MS 
AE VMP aT ROO 
™ OOS Oo 
NANI NNN ON a 
e@eeseertee#ee 
Sd a a et et 


THEHNCLT-OO? 
SATIS Yo KC, 


Cm 2C SOON 
VOLS AOI NO 
o@eeee8ee@es@ @ 
Meme oDenes 
Pe Pe Pe Pee fre Pe me Pe 


HPIODDNMVYM 
INT IO oP 
mA PF PamN OO 
VP Fh OM oD 
ee seeteeee 


AIL TAM ayo 


se @#ee#ee#e8¢ 
ADIT OKO 
WO DAL T™ OL 
VeaSeenyonn 
FCO AaNN YT O 


es See eg SS oe 


HN DNA co a 
TDM OOF ON 
loi wele alnlbleal=) 
WAI UN 
e@e0ee#e2e#te se 
get toed ge ee 


MNASTAOM CO 


1O4 


Printout of Programs FLOCAL and TITR for use of IBM 360/67 


computor. 


105 


¥ Bers 


FLOw 
Ww wo 
rm LUI EO 
Or e 
tome fm OY LL 
Ww eT LW 
Wi. do 
woOor-a-— 
eo eb 
(OD pew ™ ome LL! 
Joon 
Wrcn 
Oo— TL 
— 
Ite a2< 
Trem OCW 
CD mnt OL mee 
NEI Z 
beamt Cu. =m 
Owaa 
ali aM 
LUNI <I ope 
ad Nh om 
NYOo<Lk > 
el Pa S| > a 
=O 
z Wik wy 
LIOa 
Lit b= OL ZZ bh 
rc arc 
— Tm oD 
cs oom 
MADWOW 
Us eye 
= om 
aq ZiezO 
aa = 
~~ £<—— 
UEZCNZ 
ad Cec) |S 
Ijowz= 
QUWAaA WY 
9D ok 
Ss WOaWw 
I TWiLY 
Xr | Ww 
fo ard 
Ovorcak 
rYrzZza ect 
O—T—O 
IMO 
AO NL 
vet p= C) TO 
raz 
ee St szo 


are 
qoe. 
O kOe 
OLN am 
a 
Le pm ee 


p~ 
= ror 
IWOWO 
“xmDOr 
OrO~ = 
O wan 
Yu TOW 
LOF-T 


YOUVUOO 


2a oe 
em eZee 
mete em wow or Za 
CZ laa | eo 
WO er ti Ut i at 
pam od et tees et tee ||| 
oe || = & & mo &py 
CL beet tog OM om Om me = wo 
EO ee Feet peg bt pee ome oe 
CO me ed ee tage eee Se beg bd 
prom tee LP LL me ee 
em WWOOUWW EYE 
eLefzZO ae 
ZTOaagrOaarf 
ee ed 
se JH Za 
pm ee me = me em 
AANSHHINODOOOOOO0O 
CO ee WN Se et Ht et I 
OeQlenreneeee & & 
ree ULINAIN IAIN IAAL 
Se Oe a ee er ae et eet ee tee er 
Ak-OAHOODOOOACAQGQ0D 
aI daddqdqdaqadadqad 
met OF LU CO UW UL dL LL 
fia at 
<_ 
LL} 
rx 


UW 


o-~ 5000. *BETADN#+9000. *BETAO** 2-4200. *BETAQ**34+530./SQRT( 


=) 

A 

OC 

~, 

t- 

-— TG) 

© ! 

a lh 

CO wi 

— = 

- a 

Oxy a 

+O —_ 

- = AMT # 

e<{ NN. Ht TL 

aD Ot + 

Oz ‘i OrnrO e 

+ Fm OC Ia 

WY COQ dae e 0 ~ 

hm Wr ~“ ORZO OOWNn 

ZINN OZ ~IKIM +¢¢ OW 

GOTrnnnN ZOO MOt VY 

mMONANOOS EAN SS FFOG 

Weeeejfp i] IO e% - OO 4 | 

ZOTrs OS ROHNNCHNMOAWL 
© ll 


Ce ee ue 
Oza 


ere SHUM OnOOUIH 
SINS Qld x xx 1 OU I ee 
KFOQOCMDOWWWTt DODGED 


INPU 


OW 


106 


~ 


QOun wt 
Wa ere 

MOM WO 
mOUOOW 


%* 2%* ALPHAN*QK INF XFR¥YO*XSQRT(POR(CI) *HW680/ 


C-WFL(I)).LE~9.0001) GO TO il 


C 


D20*Z0) 


( 
0 
> 


a a 


Oo 7) 


O 
ee 


CRN ORL UL 
OANA EZOE 
Pee ome tT Il 
| mmm OOD || OF—N+FO~NR = 


om cre @ @ i} XY Om Or 


fm mt ee OT mt ed OD pte OF ON med OE eee pre ee 
TFT AUsrTKCaAWPnuvOontyontIO~y 
aAODAGAOCOAODOBCLrREOCU re Lu OU 


~ 
© 
c 
0 
= 
2 
5: 3 
4 uel] 
oc 
GS 
a. 
~ p= 
pont ~~ 
_ co 
oc tf 
aN © + 
*% o. Oo 
% + > 
mt <I oc 
_- © we 
Oo ~_ + 
eS © ~ UL. 
- -e = <. 
— OD Om bd 
~ EU — x 
NIW WIN go 
MAM ALO + 
LL) +H ef | O 
- Nm ce OOW <_ 
<I Tro tt as 
ec om | nm 0 a. 
N= eromd — 
= Or DOHHO <_t 
eat] H#O~ OHM EF F 
_ wca.c }o «Dd N 
LU. OloO -—aton # 
me Oar OA 
UJ Om tH O~WIet © 
'.) Hm O em)! Fz WN 
= TWLOPROH MO O 
Li. LAL ei b=i\mns 
mt eer Temes 
oc NAM+# eC N 
© NH $e =QOO ° 
m~ JH NR +e hI © 
PC mL OO Nw eet 
OZwAaWOnN ear wy O 
“ etO) eO+ eS 
aLaclcom = eO 
YAW EOM If ae nO 
a Soot 
rd CVS) wer ed pe eer KE OO 
DPOVIOA-——e ASNT 
OQ 
=! 
<{ 
2) 
OW 


<UL. 
os 


© 
pat 


m= EOF 
mm 

an! 

— 


FCR NOZZLE DISCHARGE COEFFICIENT 


alum i 


B 
TNOZ(1)**2 


+P AM 

855* 

68.)*0.-1LE-04 
(L.-R¥*¥EX2)/(1--R) )¥( 01. -BETAN*®*4)/(L.-R*¥*EX3* 


-100.)*0.1E-02 


1) *SQRT (TNOZR(1L)/ (HW68N*PNOZ(1)))/ (D2N**2*YN* 


I) 
68 
L ( 


~— Eu 


ZONO eNWaww BMH 
WO eZNnrt mF OF 
HOMO + Ham HS 


@ = (XY 


wt eT e 


27376¥*WFL (1) /(D2N*ZN)*0.1E+4+07 


Am fp matte NOO™ el 
a Ime st | OR HE + OI] SND 
OL UY mt ee Zw LO lm tl ZS 
rt (ome OK CI Le Sen Tom 
be HE PNT 0) b= tO me 0 et pe 
ITt~ DOO fl wW iOS IS 
ACLS S SHI) COZ Ex~aAWO 
OS ae 


ad 
<I 
O 


OW 


107 


od 


NIG tO 
and 


N 
oni 


M,e,PNOZ(1) 


[y>WFLOI),QKN(I),RECT) 


PAMByN», GAM 


tr) 
_ 


OO 


"s8X,"REYNOLDS!,/ 


9l11X~- "GAMMA *) 


TES’ »25Xs"NOZZLE SUPPLY PRESSURE®) 
"DATA POINTS’? 
% 
N 
) 


ONme UL elLUiA 

om) ee © Yaw 

—_— ON XMM MAT NN O& 
ete met INAIINA CO ZK 
LOMLN MMOS CO 

ood tent Be CO LSS, dO 

wee OF eee ee ee ee? SE ee ee Ons Ge 
mR ee he 
qIedIide ddd ec 
ZNZZLZLETE&KEA 
Cweererrrercoo 
OF-OO0QC0O0C0O0OtfO0rZ 
Wm UUUUUNUUn UM 

= =~ 
Fr NMNOYrFaDrnos WC 
—~t— a etimtet et NAY ON 


32Xe°FLCW NOZZLE CALIBRATION FOR THE TRANSONIC TURBINE 


108 


f SONIC TURBINE TEST RIG», USING ONE-DIMENSIONAL 


RAN 
DIUS. 


T 
RA 


THE 
AN 


WUOVOVOO O 


gg «& 


OZ0=— 


REAL*4 MVAIMsMVALsMVIMeMVIC »MV1 »pMW1l ye MV2_MW2 


oe oa & a & 


om ~~ a Om = 

mG O00 CO = 
cOW WW WN 60 « 
an LS wer eee See eee ee ome Lf) ome 


Ow tm et Nm AY OI Oe 
hbk OO Emo ELINA O 
— EF ONSEN eh woe 
does aM eo eo G& = 
LL LN LL) om ee ome SE om be 
ORY ae Wed NIU LLIL © at 
NOY >a—WD~ae~m © 
—INO eqiNO BGA alh. Cem 
ae aoe be fe © acl em at Nhl 
We ZC LL oom om Qo me 
HKeFOMMROOWNOO— 
ARO OCOD LA Te 
QO J tom Seer ees OE ee CO TL 
WALL ad LOM ENS OA o> 
— ©FA OWT do te 
Alem OC mee be JJ TEWNILOOD o& 
WOA <etbk ty emt iNm 
ON e © MOPrON WG 
mwa em e(DLL eae CU 
OPOOKOe-NnNO= ew 
WNXWNINENOw Orang 
we Dre ALAA TE WN Oo 
wtp ww line TT owe i om 
Ue <td eee 
ate tem Oi be oP UN 
m © > em ind ae a 
Cm ee 2 OJ) ew.) J 
NO sm OWI << aA © 
VK tNOOW-§OA Ok elk ih 
Cow Ae OL OLN Le OY Om 
Le 9 soe eee md CL ome wee Tm MOK 
CH= HD PCNA Hewe<_t 
Oe 2 eo eOwORmWNNINY 
IL amen > OU & 
ae Ow al <l CON 
KOMAW ALJ em TOMO 
Lert tO TUN e<l ~~ 
eID oe eee mw ou 
QUI Se Fm em yNWOW ml 
er ew © AQMO[POaMWM OWN 
em lLL om em = LOL © eee om ST oe 
CO eOOO~rw e2N%0 w= 
IN LA LIN A) 9 © ILA LL 
wee A) a wager woe <I LU OS LUN 
SSD US rnd md FCA eee er OC 
LL<t o> ef Demi Ww 
Oem Om eo S>NOWYWM 
ZILCim 8Om OZINX & & 
OO eNO NOm ew erm 
boy Oe ee LC er 0 Cm Bo OOO 
MNO ee NN NOAUMN 
ZNENwH ITHAKA — 
LAS sree) tet cmd Pm foe NJ meee LL, seer ON CD 
SD ad ot LONI KEL Sh 
pet LL. LL. Po EN bem SO 


Q 
HAA FINO OD H HH 


109 


Clie 


ef oe 
Yr er 


enti \ mnt 
(CY et >< 
— O. <f 
J ee 


oO) 
W<I oe 
O<t O 
e ef 
=) o 
<I> 
O< OQ 
e<cl a 
O ot 
ALANA 
oO e 
=am 
<ToQ 
—Y eo 
Ls oe] 
Masa 
eo eo 
a t= 
Ne GO 
Qa o 
* elf 
ZH 
“1 o 
ons 
Zee 
OC em 
Ux 
=O o 
LLS mame AJ 
“b= of 


Ce eNS 


er-~ © @ 


0928 


QC29 


| 

ae oe 
md) moet 
LL. = 
LL NJ 


NO HH4=Y C 
tr el Has 
WI “Sete |] O 


be 


aa 


rt || 


el Net GCUMN 
eNO tot i] LO 


az 


bs 


Ce 


<Ine%OQO048.0. 


i) 
et ON 


BASSE 


p03) 


— 
— 


aN Tan) 
tA Mw) 
Oo 
Oo 


ae. ww an, 


me «= NI 


Sere oem 


OC x 
TUN 
OOM 
OoOQ 


AOU 
Fore 
OOO 
OOO 


oe] 


CToOcry 
PACA SOY 
OOOO 
OCcoo 


mm am 
— 


= ww V2 


=x oO 


0045 


= aim, 
— 
Beet es 
= cy 
me CY 


cee cn LL ee ee SN ey ee On ee Se ome ome tee CJ CT ™ OO OY 
ee ereeiom. ee ee ie ae 8 
KCAL EMTHOFDOOnOZR OO KR OZUW 
Oe lOO Ses Stet ete IN Deer ol! OQ tl i 
WOANHMNAAARAAAAAA I Ilr NICeKIY 
SANKkoanh dud vdn ing db JOT IW —& 
AOCWDEMTMOFDROHOOQAOONAZE XY 
bmp OC Tbe es ee et ot et OUT Ze KOO Tie 
AAARAAAARAAAARAAAAAAAR RRR Te Oe UL 
VOoIVoICSE 00000 090 0900090900090 


ae cs 
On eo 
eAOod 
eor @ 
ed 
eOO4 
an! 9 
AA a 
eODY 
aA oO 
Or 
eae ep 
NIA © ao 
OOra 
a ok e 
AaDOx 
Gea ocd 
eQXo wh 
ot CL wd 
u Am 
LL Pm pom 
Cab o 
Ak om 
OD I< 
e © << 
ror a 
a oe 
Gage 
“C7 ect 
O YZ 
0 LUANI > 
~™~OO 
LaZz @ 
~The 
Me ec{ 
= TNaz 
Ia > 
Lo 2Ze 
“The 2 
Y «De 
Urn «@ 
pm md OO) OY 
“O.4a/) @ 
CQOr 
q -A 0 
DAW a 
pm me oO 
are NS 
So Ie 
IqQquw 
OM Ak 
anoo-e 
—™s & w(t) 
m= Tex 
Ca tIato 
WOOL « 
> AGN 
Z<nNng ew 
Wu ew) 
LLC ee 
a vt Ke 
WHAA Tw 
ZTIOoIGN 


O 
aN St 


110 


ao —_— & 
on <<<p- 
= >< ok LL 
TraztwzZ 
Ata OwW 
a ed Oo 
o—_-> «© 
aE e-i<l 
=z=oOozztO 
Y JA OW 
lL el 
HAO « 
Me eDuy 
DA) mw SF LL 
rxrxoo 
Y~AWd ee 
oT en 
ad ate Tt LL 
AOaTtEOo 
mm TOT o« 
Kad eM 
ye emt 
e eNO 
Nada eo 
ANh &A 
WA WIS Lu 
“OO4740 
M « ac{ o 
<ON > eH 
LIA <? SUL 
eA eG 
NQWS « 
x eM 
WORO> LL 
a oS CO 
HOY ew @ 
<QA”nT x 
LL) ee ed 
ema Tu 
tad CO om 
aa FJIOGe4 
“Gi <t «D 
UW ex ox > 
HeMaNAad 
Qari u 
Oa WG e 
“OX ex 
z= eQOvoGad 
qorr>ec> 
Oem «OY 
eo YFG 
COM) 4 ad om 
Ce aD 
—> > «Xx 
et GOO 
Oat = «XE 
HOS Ow 
LOoYa- @G 
p= eo oa 
MQ © © ad< 

pont J) od od <I 
a LDU 
ee fo we Me 4 
Ioagaoaog 
WO 


MNO SU 


- ~ 
oO aL. 
OWN wd 
—_— — EY 
ANnagd 
Ti © o 
oe aX 
— E<za. 
whe Bax 
2 | Le 
(lL) = @ 
YON 
xo ra 
I oF 
qIvqQe« 
eA) oN 
NEN 
treD7Dst 
XY Oo 
ef e @ 
eAAIAIC 
=eI> 
w~ "At 
eZ UO 
NX «= 
<xH+AOY 
Lh~ «<I 
eo Al 
axe > Ww 
KoOdTeE 
Wik~ ao o 
ae AN 
mm wal <f 
ake oe 
eFOu 
OO es 
ead A! 
Au e 
OWG>wn 
oe eC 
—™ <I el 
OZ 
o> IO 
WOAr = 
() ell oe 
eso 
Or Ge 
wa ee 
= ert CO 
YL AITEO 
Orog 
—A @ eo 
OWaN 
~~ eD<a 

QOOrF 

eu 

AiO 

aaa 

> 
>QN- 

TL eri 
aety NLL 
WOW EWM 
Zoro" 


WO 
MNOS 


o/) 
Jom 
AOC 
ew>O 
FS aa] om 
e ell. & 
<{ EW) 
ae 
> a MLL 
Ow Ww 
oO 
NOS 
j= o> LU 
aM ele far | 
Tuam = & 
or 0. A 
CO 2 = 
TOW 
aM a» 
CF alli A) 
e=ID 
AT +9 
wt JOD 
b= LL So om 
A200 
Coodg 
e ell e 
DAGE 
rt oad 
LTizs 
Owe & 
GIO0OW 
Oa 
C eww ea 
ex Or 
AW aN 
Com oe 
eAle ol 
Aiba <I p= 
<p & 
WwW aeWd 
oY OL 
mm TOL 
Oh MW 
ole 
Or <I o 
— ok 6 
Zwvwsr 
LNAED 
i. = 
Cee NZ 
li o> 
Aavazr 


O Lx 
be et KE 


ao 
CZ bk 21 
Oz=z=z 


rO-O00 
WI OL wel od oad! 
—qZO0uuuW 
CLE 1 GOGO 


oe a ~~ 
Ca <_a a ” 
ZrOmOaMaAan mee 
OOO Tee HOF aH D 


=V/) 

od. 
WMTW & 
—O CO x 
ond ad EI ed od 
>dI>H>a> 


a 


QBETAI 


ca = 

HeIOGk IOANMTNLOG ill NWaAmOIACAAAkRe Me aes ll Il mpi =z 
oF Om OI) i mm mm YO HI ON OND I PO If me =z I OOZD Oo 

mH 982 1K OOOO D Il em w tte SD I I If I I em It et fl] = tt a Ih 
Re AVC, mm mem tN NIE ND I mt et I ee me ff mf) ett et te tee || tomo || rer em em om |j || oo 
weed ceed Lada, Sem Ltt tara famed tot feet red eee fame CY I) TE TR eres cena eed a ny eee Sh meee) tee Cee pred O/) ee wee td O/T LL eee rd ee eee et tet Yee 
conn Lh, LLY PK LiL, wee wee ee reer tear tee LU OY = OO) OO ee et er 0 OO LOO YOO} wer et cd rd ee PD, ed CE red ed er ee fem od 
LIVIA IUOANM LN OZO dds et oS Oe ee tet OOo dD tei 
2 Bd CD Lhe bn bade bale Lae dle bee bee Pm Lt CO MOTO ACA Geer bp Se a> aed ects FSET Os 


eet OS 


PPL 


WwW WM =. zz LL. co Ge 
WV OC Em Ee fa] NING A MW FOO WE pm ag 
<I Ape p— Tr — Theil ee eI oe 
-WN OL OC met od dd wd “Aa MA WWe YUM qiu Tel de{e_g xO 
LU <f ATNWCWO om J mm LL OO) CS UL <UL) bet pe be Lt | LL LU LL La) <p 
NA CC mie OGIOINN OCINNN NN NDQOONrFEOMW WOO WOVVGOULULLSE 
OW N NNEONWOINAD S-op>aD FF FOUVCZ0WNI™“KO Ci AniiuunwInvro 
WIA eeK— ak e— I Werner mono INeZsENINIOW Wh wera Wm, |] mmm ONG II 
—~ UOC Whe NY IY me 11 HK OOO ESD I em mem fl mt tet Te et tt OIG | 
mms me] CL me ff me ee et td mee twee] om me ft PC met et met eg cm ae tm ed LL tet eer ee Cy ed ee re ee ees ff] || om 
ee eg mf mf et tet ee ee ee) om mm |] tee mm ff mm | ed ee er ee ee et Fete J we ES | hh OZ ee we 


LY) meee treet et see te (/°) TT ret frm fm I ee mee et) I ee ee ae tt mer et) pe Le OO me he IE OOO we we KO 
Pre ENS ee mee NY eee te ONY od dd ON ON ee tO, OI NI ee CN wee et Lm ee La wee eg IE TILL IO 


r 


Liz 


e & © 
NQO mt 
eT << 
- a> > 
Ww Law 
z>ee 
i Tc 
mom > OY 
afo=C 
WO & of! 
Low 
eahrilL o& 
INA * 


@ od > LL. 
TO. ay 
LL. od 
eOITw 
‘T =O. eo 
Lh PN ead = 
Od @ 
NZ ed 
i GINO 
eo Set & 
omd pocg emt CX 
ux >= 
a & acl 
QO met. 
ur eo 
eA ao) 
Sf eect 
Iwas 
Lh Ol > WwW 
a © © @ 
O ad IY) 
Bradt 
xO>- 
Tow el 
Le WLS 
oe ert & 
ZH 
oh = 
zazOQ «=z 
adel & 
CL LL. ba ot 
a ee og 
—=ZOr 
VY) Er W 
KORG 
Oat & & 
hm UL, emt 
— *2A.> 
Or- «= 
Cb 
CO «= 
YY) & 
al OL ont 
a. 
oe ecm 
Band mort 
aw A. 4S 
a OX <I> 
Tea coe 
WJ 


ANOS 


oa & 
CY) & 
Q. =m O. 
e®OT e 
o> se 
L xe 
ona a 
o> YI 
N & el 
fe OS 00 LL) om 
OMI Vi 
o> wl. 
> eUtWM 
aI) ee e 
aes uw 
A> atu wa 
e of WN 
OWE eo 
RB) OO 
OO ad OEE 
HWM 
MOW JS o 
z= eOQuw 
IMO wW> 
O. met EO EE 
--—- © @ & 
CL ned <T fp LL 
wd LU be FL 
WQWdTO 
CO Ore 
TMNOww 
ium & OO 
ONAN & 
CL be <p U. 
wb <[ 
OW eWre Ww 
<xIOw eo 
<Ihk- © ef} 
SFANIY) & 
bm Ot et <T 
e eNO 
aE eo 
Dm eon 
LUNE 
aeDaAW 
— @ oy <t 
OC NAIL Ww 
he Sie 
A. - ef e@ 
EeAUINY eZ 
DEO EET 
Ore BOO 
e eT 
WI Oy Wu WwW 
—Heetow 
exe © ell 
as NOD 
p= NTS 
eT LO ts 
aw OQ. J <I b= 
eed fm ceed LL LL ao 
qI—IOxrood 


OO 
aN COS 


NOS 
| 


men© 
ad ot 
OO. 
x~ & @ 
TQ. J 
mom O. 
Zee 
et 
a ee 
Pan! 
eIO 
ole 
—A) 
—_- © a 


WY 


ome od (_) om 
COaaed 
UN @» elf\ 
cng i, Saget 
=loleal- 4m 
UNG 
Qe me 
eDOoO 
am od oad 
Oao 
UN elem 
a im eC) 
a OWN 
AWNO~ 
fm wer LN ced 
Q, USN wae tne 
mod pt 
om 0. and <I 
CeO © 
Nem O. om 
w= C) oC 
MIN em LN 
O~O~ 
zZztrna= 
eA Oru 


m= e] ou 


mro 
NANG 
me tet 


OCO 


Ot co OnMINS 
me rAN MOCHA 
ae! aso lem iedoad 
Oc OO OOOO 


Pl ee ln ee ee 


OnmRAmwewWw Crt e eet wmeZe ene wm 
WO Ol eYOZ Il ts oll tet © emtetad = 
mlm A te emt ipa i Het Wot 


dee (ee LD med met tt ff 


Pr paed cmd ff ff ped ad tot prem 


LL AUN I< OQ | om & eee & Gee eo ee 
UL) med ene frm (_) ) <p bet om ome me em om Mem em em am 
CL OL mt Ce peed rd ee Fred fred ome, ome foal pred fed eed 
QC. ONY rem ne ed wee eee fet CA ee ee ret fred ee ee er ee 
err O—O OO Ort LL A Wi M0, wwe 
MO OWN SZ dw WO A OW DMM SFU OPM © 
IAN Mem OU on WN ee TD EE Ob rm CL frm erred et at pt ee 
Ce he eed WU Lee me Or MMI OAAAAAAAAAAAaAA 
ID LUN cecal Pt TO cane ten ee te ers ee ee Sea ee ee te Se 
QA. © 8OR OF TMAINININIOINQUIQUIONICIAIAIQUOI AION 
WeNZI ANF YTOQUOOOVOCOCVOODOOCOO 
SO OO ed rd ed rd cred ed ed ed rd ed ped md eed md ed eed md 
mip () eCjam om BB eRe eS Ree SH Hh Oo & 
b= On. 0 OE et Oe HD A LELA LAU UA UA UA LALA UL LA KSA SN 
SS & OCI DNOWD © wee er re ee tee ee tee ee ee et ee ee ee tee ee Oe ee 
Osa SN 
COs WO~NKMQDNOOARQQNDCOOOANAA 
MOrOSTDIOOS ARI dddqd{dd{aaqaqda 
~O O00) m= Tet GO. WW a a WL Ws a 
CAA aera Xe eee ee 
aN wNOT 


TT 


CO NO SUN OF 
Ow rere 
=| = a = ee St et 
ec OOaocdo 


~ am or a, om ama oo o& 
Fe i a ee” el oe Lo 
eet ee eZ eZ Il | 
ae eed & ect {| || eee 
WW et 
Pod pet |] mt et me ff tt a Om | ome 
@ Oe & & Mit ee ee et et 
~~ Smo ™ OO OCe et =I Oe 
md pend SS peed eed Pod cme, om, Po ee Ge om | (HY 
er eee Pet Sa eee Oe feet ped ee CY” CY ot tet (TY oe, 
we Nd ee IO Te KOO 
COnOOaLOI0—¢ ZL de at 
ANNE Zee I KOKO IM 
CAAA re me OY OUW = 
eae? tenet Ca? Nene? tage Ta? Ce ee? OU eee Ce? EE wee ee SK (_) 
Oe ty Oy ay Oy me, oy Om, em mo OT 0 
NNANNNNANOAIANNNNNON &O 
COOODVOMO OC OOO O0CO Me 
pre nd ed reed nd md ed ded ed ed ed ed ed et LL 
e eee eareeeaeneee ei/@ 
AD LIAL UN LIA UIT AUN LIVI VT USN UT er ee 
a Nene ee eae? Cage Sa? Tae er EP eee Cae Nee eee See? fee bee 
<_< 
COOOOQODQAQAOQ0Q0Q0002. 
aqqaqdqdqdqdaaadaace 
Mh lL LL CO 


COCOA 


mA 
OO 
=r 


an 
th 
= = 
oo 


= 
ec 
— 
-e@ 
Wie 


e<c{ o 
Q o- 


AQICAYWNOO OQ HaPPTiNOr~m Oorconc = 
mt td md om CN NINIAQINIQUCO COCO AQUA SP op 
AQNNAQIAIA NIAUINIOQIAQUINI AN AIOANIAQUIN AS 
OOO0CO elelelelelelelelelelele) 


mos~ a. 


E “7 

Ie Wet vr UNIV EA SO 
OaezN 7 Wt ODOON 
Wotr TOwr!/ GOOVO OFT NMNNMNOPr® 
MANSY PAIN DOCH NKOOAMAO «4 © © © 
ANOMTs eTaIr KOT © oO o or oTmym 


/DIN 
8 


eel] © © eM *eHOHKHODWOOTC Il il Il it 
MmTZMOMANEOMN KH OOH OT I 6 INN 
Ui TMOnvOr hd bW MINONCOCAOAD 


SSE UTUUMAINMOINNYD WED tl es De>D 
HSNWO KO MK KO Hee NW Ce De 
OADCMOOOWWWOOANANnFEOMNeE erage 


114 


MIM ANIGN 
MASMOMO S 
NAIONIAIAI 
COO00oo 


maw eae (1) 


RI*(CCAAXRt+PIT* 


we weer CY 


(> © owt 
CUANZA om OD 
eH 0 O 
eH | m— 0 Oct 
mom HHA NOOO 
HANA OOOO ¢ 
0206 =D DAORMN 
frm = OC OK 00 SP ee 
Cowes +P of— 
we HA)! OC OC 
ww oe L/) O.. O. CA) cee eee 
HH Tees | HINT & POHNLODNDNNONDO!©OOPrO-- 


dad pad fae fo f= | 


Ico 


ANIA 
ont pd 
ANIA 
OO 

N 

= 

a 

Se 

=) 

= 

(a 

& 

Y 

ak 

be 

<I 

& 

oe 

»x< 

«<{ 

<I 

& 

WY 

»< 

«<I 

<p 

oy 

ao T= rc 

<I wm @ @ re iy Ove 

fm bee ION od HO ON 1Oo0 


~~ et 
WYSH4HOO lH |OnmOnOTwW I |] 
OMWILU F PWIPWIOPo!;omwu 
© OOWWMwW PW wl Ww | inh 
Ome SHO CS HO tO LULU PALI EO 
HO & OF >T Per OOAMOMMMaAO 
NOOO AN DOCOP HHA OMA MONO O 
DANIAN © at AO PSTN SAA MAINO 


eZ OO—=—NVNOTONOOSIN ema 


AAO ete Ol mwwpR INT eff © emt of ofA 0c eZ 
WN IN 1) mee meee ot eer ED If LULL EL ew of omtet cmt of 0 | INO 


AZM UH UNONAKR RH TAAL IW | 
<M«M DANS rR te Cee COHN PeNOr 
Gel EEM ME MI LKOOKAINMTNANMO TINO od 
Ie{CCNX WAI FBUULDDDODONOAOOODOOV0OCW 


oo) 


IN ENP en i wo 


On 
OO 
AIA 


115 


IO p— oJ 
A. » we 
oO = 
(a Mn ee 
WAaae? 
p= oh 
PU) f— f= 
Cx ov 
IO. ad 
1D -& & 
bk tT  O< 
Ort paw <I 
Ca ell 
<I oY wd 
Orme 
AsO & 
— 0. ZS od 
j= oh— 
CMO ex< 
LL) pane Pref CL 
be © and 
ZaZzwW 
W) af o& 
© ec 
WAM 
2rd > 
m0 OO 
= «Oh @ 
DIN of 
OW NAN <f 
COs ond 
cafe AP 
“A040 
WY 

Haye 


faa 
NY 
FOO 


Li Li 


Hep STOO 
«~ #% FLO LOLA 
HOA « eOO 
MNOOMM OO 
MOO aHAOO 
TOON Net 
eA OY « «@ 
| HOI © 
XKOCUWOK ¥ 
HOOCTIIT ex 
Me oe DUDWY) 
TOO HF HOE 
eo, | WW+ ¢eerw 
LLALNCOCOM IMCD e& 
MOODMMUDS DOORN 
Ft QR AAEM TL Ow 
PIMA OMMOOSFt $F 
NOODDOOOK Rarer 


OAL 


<i NM NOOO O 
—CeeeW UNNI 
Oa MOOUDLDAYLNOOAN 
AZIQOOOOOEDO NO 
WrErtrrstazrTS 
mHOOOOOaATAaa 


1,PHD 


eo. 
bee 
km NO 
eGo 
oo o> 
ODM & 
INA 
rao 
Q ob 
oo 
On «9 
KH oOOdw 
a ae} 
eb 
aot uo) 
Oamcwy 
— aj © 
aor x 
ood fp <f 
AIO be WL 
© « «J 
zotjuU 
OnO oe 
Ok 
a = 


Oo ao 
= 22 
Zod q{@OoOnoOonmoanonoaod 
OaVAAaDPZTTAZZAZAZLZEAS 


+t eedadddaqaqaqaaad 
~am~—anaananaaaa 
JI+Co+to+ eee eet t 


QL me SD et em en ey ae ee em em em 


KODE ATNOPFODOHO 


OW o> 
ey oO 
Mar] « 
0 OW 
&tYTace 


Ik Ore 
ef eae Mo 
CO eh] mm @ «@ 
LOMO KOO 
x<N {itd 


OA OOS eS tet ete OAL 

|e Peet GrererGet& 6. Gc. G 

(NNR emer tr) om OO 
WeHLILNNNANNANAC OO SO 
WLLL kh oom el 
MW WWW LWW LULU tha OO e eTONNAOCHi Lub 
AMA ACMA YKAETTCOWMANS™ emQQOo tooo QO 
m~OeewA FAOAAAAAAAA AMSe TOKO MONO + «¢ em mnie 
ewe wee wee we we eer ww wes I NT NH tS HO mei 8 eo 
OH Ka Ht tt He Oe OH HE Hm Ne ie ST IE Ko Wet NN NROC OU RN 
OMUVICAeCKAHARAAAKCAOACA~+ueH# OTOUDaIMMMMIN 
WOUOUDQOIUYUVUUUVOUUZZLrAOADMDAZ ew DA & ew & eet’ 
TOUTNTOVIOSN OOOO OWEe We Ere TOO>-O ll TOVO0OVO~w~ 
MOU MOQUIOWOUOKOU ICN ARK WRK Ol UKE IW ae 
A WoOanypnndodwe wn wnndonug tt tQOaoOreeRreEe ZZ D 
AOD=MTNOPOAKNOBOOUCAAUWODO KA S2Lre Dee eee OO I © 
Re Le eS Stet et ION Zoe eee TAO ers TOeCr ere eOOCW=a 
aaadadcaa dada adadre ere Re re Lr OUVUAF SES RFUUTW 


O- 
OO 
tA 


It 
*CLTRQR+CL3*CLTRQR**2)/12. 


116 


Om WL 
a fj 
hk wu 
<q) = 
waO 
Oe 
Jb LL 
i= = 
cz 
WIN 
zOO 
a a 
bab 
 °- o 
ONuwW 
SCOe 
oz 
— — = 
Y" 
Ht 


*(TNOZ-68.)¥*0.1E-94% 


ET 
Y4)*(Y5/Y6) 
0 
’ 


wT 
% 
+ oz 
<. wt<[ 
q— {| 
JO. 
2 aul 
ran 2Zet 
HERO bh 
HOS owe 
aM ~w(OEN 


wt xo 


HAN*YN*CN*SQRT (PNOZ*HW68/TNOZR) 


elE+07 
HAN*YN*¥CN*SQRT (PNOZ*HW68/TNOZR ) 


B4+B5*RE))) 
) GO TO 401 


Ow Oot 


OMO~ OW 


Het NT eFOMr*# OS 
Lt Pree A) MOO MLO E 
COL Hb OS tl OL te 


1p cow OD eNse eMW) 


Huouw Wm t 


Wu itow il 


© 
Cc 
ff 


~ 
<I 
p= 
< 
= 
pe 
a. 
=z 
ae 
~ 
—_ ) 
= Lid 
~ 2 
~ .) 
x 
a. a 
* Ze 
0 « O 
ONS i 
+ OD W a 
Wet) 2 
orm o G 
i wien ea) 
© HFmW WO = 
+ Yom (9 ~ 
Li Qa f= us 
= 40015 F&F — 
® Tee © <I 
Oy Cre ol ac 
HO wmNY LL 
m + +m Tj & = 
= CYaQ wd =m © 
NO arte F WN — 
Fh +h bt CC @ LL. 
<= Alm wW © ae 
NO Qk WL WN 0 
Oo ~Aw ew att) 
— Hey Zhe a oo 
Nm Che Yad Fes Ze 
zo aw BOO e DFE 
FO ¢eYOSHO A a 
Or NHFOHULLesH St 
wii) ONL OLL - 
o~ 


t 
2 
( 
3 
p 
) 
1 
4 
) 


OZMRN + ed eNO os 
SEM Dad tet BL Ow wT Om 


UN “hO Kt bee. we Z 
© oy ell CO eHODMLOS ewe NH Wee TOW Te 
ated |] Nath et (1 NON IER EBENCOL YES EH STE EH TD 
Ow We OO—=ee m= ee O 
WO ZZeZS2wZenielOostWwurcg@oeordssdCOOOCOWZ 
OO TON FOE EO Bm SOU er OO BOUL HLL RL 


pnt NO PUNO 
Q OO O0oOQ 
+t tr ge 


117 


? 
FE 
V 
1 
1 
PRESENTS VALUES COMPUTED BY CONTINUITY BELOW 


1.0 


He e aloo 


M)/ (PLAV*®¥AAXS*SKT) 


R 
p 
1 
V 
= 
1 
/ 
U 
/ 
( 
/ 
1 
Eel) VR 


Ak Tet FOA aclpe tH am 
or OCibLet+ +e ES-ES OO 
wa eae @NO>0O 1 tai-> 
ZeXIOPND=adIwe YO>a~— 
rondo aL Stet OW. om 
RO Ne WO OOteiL sO 
72 UK PO wl Jee DAW 
OM wli<t ye 98 MOM I! 11 LOR 
YA—-OW SIS ew WLS ode 
ODM ad Lm el) I EZ IW — Il 
OD SC Ld ee rd et Cd et el OY LL 
—Y Cm O<= DOS > >a cf 
MAAS = 


= 


eI 


s 


ty _—_— 
«x mm 
~ Oo HNO =) 
oOo W at ee ad = 
ond ond Ot — a 
oO. <{ om Om os 
& > Hert oo — 
a0 a9 mo OD =— Oe < 
= x Dw Soke - a 
oe & Ot DT =U =. 
~ << Liem Or b- oa ~ 
ca Oo +Y— FCW ee 
— = oa | OT @ a 
4. =i NWA dO oa! 
* < — >? HU & OO <f 
ea. > ) o% Set ~ 
it oe, a. mm OC & Cc) 
_ - mer et OY OU om _ 
Out! e OwO= OC eL > 
>L oO be Hb IAS + o 
<q ) WY *WUaALL a = 
m= <I = wt Cm ee AQ = 
a oO Em— FN SOOO =~ > 
el. xz™ am Oo ™ OY SILL ~ = 
> (OCD seta NO & (2) & 
Dw es OR AN aA | WW 
a UL <x MO# OW = a 
ae Omqt THe # Nas & AN < 
oT —T Owe KOK > 
ALL ZO were ol = 
x = a5 #*+NORTMe = = 
<n KEI NH D eHO — =_ 
TW Tm ##TMOuUu 4 < 
o & MO Remar et -~ & WL > 
om tC) ee ase Y>sT + o 
ZOW <«K HOH oct e >) 
—-AaD> & OM ADO WN =—O 
== >= me EN etl We 
Ol bh OC LL Ie |KO OW ete™ Ck 
ak eo & — Ym WOO =U — & Ww 
m= (5 4c a. < —| + ee Tym = TC 
H+ OYAW Tro #N eTzeE NS ~ FE OW 
(5% =m & TO mMHACAOKN N Oe uw 
COO bk HJ NH—O eT + er «© 
+ OY KI O—=/] 28D Oey mek H+ o O b= 
W# elL OD WHK NDF AMHOAHOU> ce 
OF = J ODM +0 ner THIaQodanDNOgT -—WnO 
%# IAW QO « em he O Tt od ePpamti UO eof) 
— FD & Ws ake OO I OOoOerNza CO ® 
OL <{ ww LU >< TM eer SMITA NONSEH Te HOO 
mx OF Oct OO ww CWI THO ak OMAR ENT O 
a Ow YW eS were TUL POF DH HOUNMAMN | OW 
IOraO « <> FNKOAD—FKOUVMEW Fes 
—DOYNNWO oF em me SF OI NH I OOS LL 
a=O™m LF sel MN §S>OOZIiI~H~OGIMNHHO ow 
—eHyVIis A OnfF KRHO mW aTwMAoO> | NOW}M e-e 
AZ RBFOWN~X & Mk D 
#QGO HOewrnrx DeT LetkeedIaeOoO eon | 
Zia S> NNO OOLRHSe 
ak > ii QO wk =z eAO~— 
>H Il = “Ow<d 1G jj > | 


0.9998 
2) /ePtorR— Lirse) 


OR-TLISR)) 
ATHS)*SQRT(TTOR*RG/GC) 


8 
THS**((GAM+1.)/GAM))) 


RM1/360. 


bh b= 
aA OY) H 


IStthe eR deo NNO~ ODONONN WOR I Hee (ORD 

°*4¢0O!1O>rOorr Ot PP ZeNmMaAa| =F 
RKIEOW CK BOK OLUNNNMN ET eh 0G CarTrnnCQeet 
=a>OnUOUGke Per Tua A ANI WAIMNS Ilmm et DK 
Medill aa” WW —awOWwWOAaA recent WLUUMNYTeHa> > 


ee ne aoe oe ne ee tee ot ren ore 
HOB IN eC2ANAGCH YL IleAOQ08 Se CULO 
el ng GRO T o nos Gee ee oe eh one San eerie ee wo 


PATA OFtuUTWO W 


= 


ol 
Ono 
Oo 
Wn 


aN met N 
AJ 


©O 
Ww 


—f— 
© 
wn 


Bats: 


wn 


© 
wn 


Dt ec tO mt me YE I ted 


0 


© 
wn 


US aid > FELO Me WOW OO ENS Soa KODE 


2 om 
© 
b= CO 
b= pam 
+ 
OF 
m0 
om KO 
TOF 

9= 0 OO 
a~ met OH 0% O 
— AOOTI* 
I-nAY edge 
Eat eo TNO 
™ IO =F HC) wi) 
ond pee OO) ET Se ee 
~WeHOOO ve 
SOK we pew IE 
eee tot gol fr CL ee /) CF 
ZAC Y~INWM 
qOreOnecen» 


bm OWN << O tet 
<I“ ON de <> 


C*T1RM) 


HAN I o> >Ze 
ato ENO W Wo 
IE i) XXMAID 
ie aAaOdtDeO 
LLY ed Ld SE bbe > > > LU 
DEMEXYKSY KW 


Od. 


oa &@ & 
Oa e« 
b= oN 


A= m 


= a 
Coz 


Oa a 


or 
a> 


hai ie 


NAIAGUN 
oD FHKE 
AH KH HH 
(1K Ht (Oo 
oora. 
OO f os 
ee © @ ef 
WN Pt or 
Igy (bod 
OQAIQUINIAY 
TONS HHH H 
mr HHH HH 
SE wed He LN) ma OO oe 
AOWAIOOM @ 
I+NHOCrD 


STH HEH KH KREHRHEHOULU EAE > li SZ 
Hwee OLOLANMASET I AM i Hee 
ANIAAOOD WA jie TILT i LL4D 
Hid hwnd CHhdid bt tw QoateardeO 
WOIONMTONOQOAINMY SOO Ze de > SLU 
Cedd eA wuUruuwuiseddo- FEW 


> 
< 


~ 


20+P19)/2.) 


iLike) 


+P13)/2.) 


Fl-F2-F3-F4-F5-F6A 
M 
1 


(het o> 
OFPOt*NZO 
Le MN MAL <f aw 
+ SMM HOP 
<UL DH H# E— oe 
InP ik- OD 


AML Ow a >” 
me HOST Q™ 
m— CO a> | ME 
>We 0 0 2 OT O40 H0.000 $F de YN 
Sax Mn+ elt Ne eet MIKE OTA 
OW wer er er er HONDO wee Oe el el Z || ij Ce i> 


P»P13,P18,P19, 


PI*5, 
PI*(5.125**2-5,003**2) 


AO=P 1*5.125* *2 
A2=PI1*(5. 


OSIAIAI 
% 3 
+ HT 
mt Cr) = 
Ora. 
D hm 
e eo} 
tT, 

| 
AIOGIAIAI 
Ht HH 
% 3H HH 
OHH > 
COora <a 
OOorD> «4 
®*e eTOaniaoa 
AST OTH A ww we H OOK 
we ree H OVI O. we 0 we cl < 
HHH HME HEHE HOU S 
mt ote O OKI OAM TU Ti OX 
A004 Il eaIdctagaqd ii - D> 
runt and d t<qeWweo 
OTOORKNMOTAGZWZ 
Ie uUUWUUU Ww wu 


TIP+P13)/2.) 


PHUB 


20#P19)/2.) 
+CLFAX+F0-F 1-F 2-F 3-F4-F5-F6A 


o< 
Oo 
© WJ LL 
k= b= CO 
ore 
Yr o 
mA 
swat 
Sai 
oh LU 
ax -O 


Ie 
<j 
el 
NOX 
> 
ean) 
aux 
ap & 
SRN 

re atm 
Or ELL 
NAY ele 
xe NY 
uj) ©D & 
os TL 
aA ew) 
SHON 
Wh 
oe © oF. 
mm OX OO. 
acriax 
Oo & 
Qe = 
~ ea 
Oke a 
UOEN o& 
-O>N 
nl @S 
OLNE 
ee ecl & 
Udon 
OZ «> 
ee NE 
goo. 
YC er 
—z ed 
Coase 
Oa <u) 
— -- wo 
OnNWa 
CH-oOcd 
a 
LL med LL) 
ZOzZN 
— lo & 
— Oo HY 
a JU. 
O> ew 
Yq 
oO 
“a> 
VW) 
ane 


ana 


AEWANS | De COdCK ee LT 
PaND>ere¢t—e> | O~Oo 
ZN 1 OORT Rr eKH CEN 


RPM)/(30.* FLOWT*CJ*CP) 


K2+(C/(2.*C3) )**2)-C/ (2. *C3) 


WO 

~ 

AJ 

OH = -~ 

< Ht co 

WN NJ 

*%OM -— =< 
t + H OX 
ANAK EN OW 
>H# MEH OF 
IH HH 
aH ONOOe 


— 

~ 

WY 

-~ Cal 

x AN 
A - = 
— | => 
— tt cc ce 
AIO Ww WwW 
* OO -— 
NONaANAa NN f& 
2a Xarndtran= | 
EMe>eBEeadsr 
¢+Z~ONOrM W 


NAN CCA OO LW mee Or be 
H OD AD HONS 
Htm—S>H SH | RHR HO 
I fem weer CQ er Net | LU 
qevyezifzdqqdqenen 
FORMAT EEN I EN 
we Yb re Wl Cao 


aN ee OY EME NN OONE NCA OO~ OO ll 
TILAD IK WRODKLENIEKE SONI WH UU enn 
HOME LEUNG Pad rOENNNNA SE I HL 
SWNOUKeCNnNeinnUlauninyrrogegeeaqaernw 
ZAI NSN ee WN NNN IY NO ee fe 
WONDWEHENWMOINN SPR YAN EUW OW ee 
C>DEORRRK UP > r-TAQABEFETAADOONWSEE 


120 


> 

oe 
sd. 
O>a=z 
—_J & & 
LN 
em Cf) 
x= 
O. SLL 
ae ell 
ONO 
<= 


OC eX 
oT L 


QO. = LL. 


(PHD/PTO) **EX2) 


*EX2 


- 
r-— & 
-~“ © 
Ot 
bh k= 
NAIM 


{| AN 
Oma f re 
Ot | J 
et JO. OO LW 
ww Law ke OOO KOA SS DO met Oat KOM WJ 
HOOK KE NINE HK DH ODOM HMO # WI 
Cleiwe— EK BOK 1 Le oN en ENTHO 
OLD Fw ee New NOOAAAMNT YOZZA~ 
m Or 0. 4 Sh ke eee Om HOW OES 
Pm fe COL LU LS OS eee ee ee er LO LE OO LO. 
HW NOGCwogonhnloyerOr- ti Hue 


ANAM H HM NWNMUL SOA eoupe || FEL» i Zw 
— ON EY eae WS CewtWa<GaAodaAt 
bom Tee ST NE MNO DYM Ie Ie EID 
ed Pm ONY cd cad Lm Lt Ee Ee et Lf LL = 
LL yim LLL = fp OU LU LU oe SS La La a” 
Om r OC WILL WS oe oO oO Ome Or OO Ee OU 


“U2**2)/S (UV 1L** 24W2** 2-W LE *2tUL eX 2-U2**2 ) 
l 
l 


AIA 

<< 

UU UL 

% 
° % % 
on —— 
oO OA 
- 5 ape os 
+ 0.4. 
~ ~™ 
-~ oe 
Li. == 
+ a. a. 
W wt 
=z ca tee? 
~ ~™ ad 
> (Site, PR LJ om 
CJ oe} CQ om 
e+ NAS ~ om 
*% ## 1 I = UN <f 
AN HAIN <q Li 
SS toe OK em =F WW 
—- DMWWO LL) <f or 
j + ot HO THe OF 
Ne AIO KH oc he Us 
m1 Seem emo) Se ed 
Ea #NOOUN Cee NY 
aK THit OAYw~- —G 
LS and KE OO. O. DH Crm JEN 


OW penn = ODNXWA +H 


ee 


oe & & & 
OC) =i 
eT << 
-Oo>> 
W La 
aa fe & 
LL <f mC 
oom SO 
<A ZO 
O o@ of 
Lown a 
ek Li eo 
Wa. CE >» 
i wm <f 
o J > LL 
Ta. ee 
Li pm od om 
aa Tw 
om «& oe 
LL PN ed = 
om <I o 
NZ ect 
LL. IWS 
eo @-t & 
emt es I CL) 
he KK Se EE 
oe oe ec 
OmH+ oe. 
iro oe 
eG ao 
x end 
IW 
Lh. OS SS LL 
a © ®& & 
WO aj mt) 
oF << 
x<x<OoO>r- 
<j ow 
LL LL CA 
ee art & 
2-4 
oz = 
aD = 
aot & 
OC LL = et 
a oo gg 
~~ ZOf- 
DY RW 
-Orm 
0..j * & 
bm LL et 
~ *0.> 
OD o 
CL = ot 
WO os 
ZzreY) & 
ot wd OL ot 
m—OO.2D 
= eo om 
OVW ex 
LervaaD 
QO <> 
re O. Kor 
N 
AAI ST 


CNC 
H#ZSWNE> 
LJ © <f 
{FHI 
LLL LO. 


MBAS 


~ OD » + ~ OF " ~ Lu am We 
-_ <a name wee =e — © CO — ~ ue ~ qe 
© -—. x<x<!I1!a -_ a J = — »< One = 
wy 5 e = 6 wy hm LL <q “Y t () mame om <_ 
ow aM eNO LL. Y Oo x ow ~ «+> O- 
= UJ = “NULL . WwW et a ° —ao>> «6 zu 
Ot > Nee ~ ee -~ ~ * aa! we fe = Im 
W= au o § o ~— za = Meinl lm a > ee — @ 
— © o™ e <x s Io — aC = <~ = ~~ - o 
Na on mma t ac = -—<—o — — Hox WM =< 
Lo= - Mee ve > x< Nee LJ e met LL CaW 
Ono - Qe e We - ~A—= © o Ge * & UJ o 
CL) — U\ me Jo _ ae — eo > & »~< LU ee OO Oe 
>Re | j iw = ue ——~ © ect O me Qo > ~~ 
eq ZL —_—— ae? »< wf YM o rr we <_ ~ A> 
a—D> OO Lh wy EN —_ = ONO = ° Year> = te 
ow> te Le Wwe Oe zlQ = eNO — LU >< Ol ee —_ o 
WoOe KIN Oe eo = —_/ Qa &F-e CO = Fs whe — Ox 
— ee dem Zex =~ ust =< =2- © = Oem a ze 
aim OR OM CS mm CO © aN Gea =) zex = <q o 
ZzOoQ” Ie Mm —o oJ — a~w~ O&O a. dqeigy 2 ° 
AWINW O~m—ll WY ee AIO ~~ iu “© We & ~ = aT es “a o—! 
adeuwww ah) Oe - LL he ~ ty 0©«© Gg ef. ~ ~ e>e <{ =~ se 
aes ul am | ae 4 Ow “eo 2x — >< _ ment io We 
eDaot ZNO ~+u— -_ & ZadInm et ONO = _ Od =— W eo 
~e> OOO Wed —-— ww MLL OY) eC O> e _ Wx SY) << 
On-e oor vooornr ~— WN ee =e Wek ~ Y NOL ww nh 
WMOe ee Ne SUL & Hw aCe ——<K Cdd -~ ~ — “N of Y — 
wee Uf! ome ~* WW daeee Li. a= UO AAk-e A ~ ond —» & mm Wwe 
YwO XZE SYeeG ect ee x EO eM” o - bh Lh me ~— 
mai, te Is Y —L—= — ewe Or Oae ~——~— =m e wif > MS 
— ww eA e OANNO man Ome wy e Ze & =F ~_ YA> e o Ww x 
> eG ~~ »< ~ o-— — fe © UW) Nx Lhe <q ox< = © — Wie am — & 
eam YE Ne SF Fee Ke CHO MM eo = KN OFf~ O&O — mt dee — o 
mOO nAXS Zrmm—e oa PF Me RC - x > mm >< 
OWH eJUe Ws j e@ aw Fp e — & << ae ak 6&6 — — Ss adam Wwe 
Www eY™% Few —GWe O27™—= ~~ moe = >< we ~ () ae > = Oe 
—He NZS OCNWM “ON eT KON NNO aT YN ~ Oe eo ee ws © 
am em 2 Fete = weOe we OO Fer AOL —s WwW — a <— me LU =~ 
S32Q . © Lee KrEODO NOe OF ~ZOQ ~r* er ~— Wer => >< 
XN en Ded Ov *K Daou We ®=§ WYe NAN WS DSN O >= © => = 
ame~ FYOM GOK UWN HM ee LO Wey Ae Hew & O- xem We 
OOxMWWMN = de Mu Jee aweD est FY OO FPF Teo . WAM Dey > ea 
WN eG(oe ce ef URN Gee UL DKeEe BGK CW o m—e i Sm 0 eX 
weemwllpf= — LU <e e momo aoe — & YAIOL ee UW — => WwW =O —e mM 
aan OK WW Um ew eww D FN KCK Now = KM A axXO -—~L J 
I~aT eqrOZe ej eM Qu ONY SF We tf = CS FTE ~~ One =n Je 
HEF OrH~ TA Oe KewN KH“ e WJ ee seer CKO we We Gm~ Noem> wcde We 
XY eO OO uerste KON Ue &§ OF AZ NIN Pe AW GQnre A>n CZ 
me Ze © e +e T— ee fs eM WeMemE Ore © MR Fee AN ee CY 6 oo mm 
OO~DNO & ewe = WL OO “OM “LOT 20D Ze PN —mO ee eX >eM ee O 
WMNMGe DM MK as em Ki © eHaI KOS? Ju Me @LL ee WJ em *<o 
we IZ POS Ofte we OD OVG —UAOe W PON Oe “yey «KN & mm Occ 
ae «KK © MLO we MOTI Yy Xe Oe sew Me » OO —e Me 
TW eM Be Zh mm OU KI ee KO Cee Of ZZ OM KEK ON ZS Ze ee 
>> 8D Metin ec © AMUN W FON Ne FFs OnNe eNa™ & ON Te ON aS 


emo PON Mer HOT PONWWAO FON © OHIO OM. Cet e OSS TT Tes S> eeN © o 
~~ eOOT vee ONNW | YUHOUSONOD Ili CYONN XK Il OT On DK 1 OY DIOL i OLYoOnne 
OmW OHNE ON Ow mt & mm ON cl me oe BUN Mm mee ONL Net ort Oe eT Om em ee ON Qe 
NO~O" WW Owe Me Om ws Oe YY J Om Om © em O— OMe Ow Ows Sd OmwOwm oF 
wee UN SY) wee pe ced CO ee fe LN ee et pe wee te Le Ue ewe he Ne Owe ew ete pw OO Fe ee te we ew 
Nw TWIN EWI Ze KOWeKY KWo sOWdwWest OOWdWWdgOeWdtwdoe asew~atqwanNe 
ma SND Le eH Ore I Ee TKO Ere LANL Or Ae Ere OF ERAS OOM HEHE TO @ 
a> We COS = YCOmM me OM MO ma ee eK Om Oe 
EEN OCZS COAMe OCUOYO eOCOCKO evr OYOCO2 OCTOCTO MOCZOKO T 

RFU FU ke OKOTZ ou ZSUMe ORFU BFUL5o OF*FUTU OFuUTPU /” OF uUFuT eo 

— 


TWO al ane = aN mA - aN man 
© -_ N OO Wo - aD oO aN © rT WW O 
© © Oo O O OO O OO = “a a = 
c€ c oOo MW @® mmo WO mm co oOmOm mo © & 


122 


oo 

~< 

WN 

& 

tae 

~~ 

oe 

— 

<I 

p= 
- WY 
dl 
—_ <I 
md bk 
= Ww 
= ~ 
e 
= » 
tod >< 
oe AQ 
ont = 
<f - 
on 
WwW a 
co — 
e @ 
~ a. 
_— = 
ae a 
= x< 
=) aa 
€> ot 
= ~ 
=! ~ 
—_ = — 
pol ® — 
zx WV} oa 
oe WJ J-m 
Fal ee 
= ZN WO 
vm 3S $k) oe Oe = 
Dt se mu 
= © om — wa 
em =“ wx 
wl Wet WP 
me kur << ao 
we A] Wilt hap 
od @ eo AJ lj e@ 
qm ~ | NOS 
eu Me Sod 
AN Ot mL 
-—| oe (fT) & 


am Mom Oo Om 
PDOaePi OE eH 
ted Ged fet © 
hoyoned if OF 
pat Gu iend free td ge md 
Peewee OM Z 
att Wet eI NWT 
Oe Le Le Oe TD 
mem Yo Ob 
Ot~onwOe CKrOWZS 
OCBLFuU Oud W 


=) 
moO oO Ore 
outed = od N\A] 
ODM ®D co & 


~~ am Wer5 

o On © ww 

~ Wn Ww IzZzO 

oo & SO — = at 
LV) a» ui & et @W\ Cort 
Om A. em nom Oo qt 
eOT e HAOIROKOL wed seat LL 
aO> eX RPUVOUILLEN & Daz 
Ts oF eo Orme LL) wer | fj er ome ) =e 
TIaia.a. amSiwe NOAA. O ~wO 
a> Yr OmNL eI mm <I 
AQ) @ el. Wb I Omi War 
hmNA Wem ew EO OWA t 
Aa>»aIYeu OW e¥ENYS> ao 
e>— elL FPO™ ow eo Z icm 
> elWTWNM fH eM Fe=— eo aes, 
In e® e PeniO Los SS ~ 
HIKED -—O~KNINO mae (0) 
O>dtit OMAK) p= oat 
eel Ne TIO Iam 
OEBWY © wmYAkF eOW a ee 
Fem A ON OC et a Oe 
Ow PSE ANTADOWO (Ou. 
ANOZTt ef eQ WW <f om «mil 
OO UL a) mom pe em ewe YL Lew f= 
= FOUWNZO eO=WM” ef a <a 
GMNAOWS> eN-NOma oa Ove 
Ct EEN rw NTO DBDOZe 
ebm eo eo etepO AN WIN ee J & 
YC IT Eee Nee 
wilker LU eOTOodico zw e< 
OOW TO e&>ke& Ol Ht eo 
CD oO <f Ban NAN OU oe e ed 
ANAWWEOKHK—DOLs a ees 
Ooms ew oe ali eO elNiwo On x e@ 
BALAI) eet we om Lf) om weer OY LS os, <I o 
Cedi LeNO~waa. ew ZPe 
wd ete ONAWNT-O De ea 
WO elk W ee Sew OCH KNIT 
KEMW ew en MeaNMo Ze |= 
a_i o Or fam pad ome Pet come ey () nee <I eo.) > 
BID e>ONONMFRW CWDMOZ 
ah or I EN NB ee WO 
© eV YO ew ew otal & CQWHZ 
ZANE eB OKmnigaAk= AY D 
== * eBaeGIOrvdorwo a 2eY 
CANES HtN >We en eo Ne 
ae DAULA— ewrnw Oe a 
— ae ee aANanNOODF Che x 
ANAL Wet COUN S oO en 


heb BIO ef eww OmUOOY a 
Ae ey eDPNwwnWNIOMe ON 
EAN eZLeHONC dae WwWNnd ees 
2 DPERET eOMndINnNeadc~e «KON 


AZo. 
Me meas, 
= «OO 
<I <0. b= 
AaAOe A. 


MO ew 


ne eer ee ws 


a< o 
xO >< 
© eW 
Ae oo 


(I) ,TECT) ,TT2°C1),T20C1),T2ZEIS(1) »sT2TH( I) »TT2 


1 
) 


we & 


Ore STOUT Rw Sek elL mei oa 
© eI NN ON eUMWLO & e@ 
WWANK f= ES OOMNOntwa 
ZeaOe eS eO eV DN OCT a= 
met © OO aN NO~=m eH 
ret ONO Some O~lNDOOKO. 


~~ eX SC Zam Ke ale Fm Kom 
Santo OMA wb) & Omen 
On ®& BHO eONne HOF &8O 
AN at HOS wh 1] Odo 
eS att Oe eK et ellie om 
Ow ot OOK OT OOO 


Spe Net PN BWM we Dee Ol meme AIO Awe pew pe be ee of 
O eXLTo# SN He AMNOewwWI QMNWwd eMWOWdWwde UWOWRctlW 
WOO gute INR eae Le 2 Oat LN OO Ee LHW ea TE 
Mr WW et SW DW NO ome OR OQ ee Oe 
De TOM We kr OENK YMA we CO e6e OYOKOe & OLRMNORX 


WY y~Q o eFlL mw ej| Ble CULL ELL C) Ee EE 
eA Sy BALM SIN Of eA) wt AI ot A) =! 
= NM > mW wo 
© © Coo QO Oo © 
Oo or Oo oO or oO 


T23 


= o =) -~_ <Io — ex<WU<fO@ e — 

o —_ Ww he > — ve e NUL egaee = 
- o _ x - a2 wi o euje — D = 
~Ox< = o < aN <f{ ~ we ~vOBOY © 
A LL Ox = tT tu — = Oe = Oc | = 
- ant zo WJ = @ we Oe om LL W 
oe © WY <I oe oO — md = © O<4C «ouLew us 
om J e = e) Zw rc TD ce ONKe ee “x + 
> _ oN) = LL O% LW —j) = Yr fe F & @ e 
LL) <f{ = -D> ~ ox Ww Ww bee OK KX _— wt 
or ~~ en = ORnW OQ © fZQxXMaAtT HB @ 
wi = CJ Uj o — zZzOw - WwW © e e — LL 
Null > Oxmm N age -_ * MNAse e @ Em 
wee = ~—-_nN Ot o — Tet OY Oh ZU —- 
—_JIe @ = Yee - od x< — —_ ec WN OOW! <{ fam) 
Oekt = je @ Liu am MW he eo elL of HM _ e 
ZxQOQ = WANN OO Aw od e Yxwe fe™N UJ —© 
IO — Otyze e Ieee ION WNAML RH OF oot 

eo N zeitit=- a = e Mee COdIM om wel 
Oe  «E <I ee _ — x< T Ww ~~ Soe FPWwW —O o@ 
Zu « xe we >N QO = DOxKWewve — Em 
<I — a> WY A ec{ e kt ZUM er eo MW e 

Oz x mm ee —o= — o CY eK oxX—= & Ie 
=~ > YW - Une e WN 6 ad — N Gere OTKTN We 
Wesn5n J = WN e =x OoOoOw _ ee DWOW eM ew © HO 
Welk ms NIN - He © Oa @OM awiuCe eee Wee 
Mx _ NEW = x~Oe<« Xr wh 2© WYe Ue ——= om 
“NOW WY —* uy a ie an o o eC em ZF ZA m= hs 
me OD m= we =~ ©.» ~"~ WN Me WK ROW eter 
“we ct © = ON EIN bd Cc OLN Tee we eH 
Ne > = YOF D — o& — © eC U eh Ee = YEW 
NM>wn" e NN W ee - ele =z wh NNYMe YHOWe =) o 
weev = ee ee =NWN a. ye Neel i qgoxn YAN 
a ee ee ee o> a Qoemm FY OC Ne OOF We KCK «WW e 
bk >< > ae? NL mm eI CU we wer™ @ e wl) x< Ow ee er N 
mM NN N kh UOFe N >< -— —= © © CNWee «MX & — wre 
Were > e OF e z= oWJce —™— i WD eWe etfie wt ome LL 
Oe ew ee WJ J oc Y e-§- Zz ww e mMYNew YY wom wee we \ 
aINC = _ wxX<_- = Wwe 30 fF K WN>Orxte FZ Tee 
woom FTF Sm = mele <I O DW OWN eet O<OY 
>>kFe on ~ wZoOrF- - ee NY ZO ek ZU eT 

eU N Ww we O NN — See OD W fr WAWe e CMW Woe 
wedt > - >rEe ST ef waO© wet ~ ew = eller UW <li 
a> STP OE oo =O =~ De ex iL Eve CC WIL 
Bw o qe ee »® © Oe MO =| WrewkeeNWOW e@ Yr oe 
aH —- © Ot —@~= WL mee — eeqiNU 2©O6.0K — eD 
Ort = Wwe HO eF ™ NN UMe Lh YF MIA MOlLe Ore O mi «4 
DCJ == — o ule o ome? e Ww <I DMWDOwWe wWiilL ee 8 ee HO 
ato wu N Ces NN NN Wet be e eZee OOK Xe OL =e ot 
Io>at < eo = x < eenNeW WW FSAZWZe CNO= AAW 
2 OFrw oO ast EO e~n el A) eDOm «MW est eT » 
- oe) - Ww «x eof em x ox Oe e OYe ONwW Te sD US 
>< >< —= W ONW em Oe OW} m— LZ OO. eWe ko T Lu e 
Omw e Mano We Om ell es Mee WO eF7sa— OY xX 
NON eNZm Km ew ew Dm EM oF ew CZ mm hem tt o> Weide Wm os 
eo <{ ef HHOne © ONE ON OS eM FO eM OOMEA & &Oe=LL 
ont pe f= 1 CMY) Met et © em Ot ete Cmte He 8 Oe Ket Rte oO 
GENO TOUS rwTonn@We llOusrD ew ee FE eo ony 
eet ee OL Oe ere oS De LW ele fete Oe KK om og es 
—C) OD m=O =O oe Ow = Ou} coe OO) = Om™~% OCU & =e oOoO~ 


ba OL CCD wee et fe eer pe Yt eer be ee OO fer ei me Nt LU Oe THE 
Te FOWw dW et TI ee ett Nhe AM eTemWuda 
=H OO KRULL TRE LING RK OTE TA ONC RYE ZS MPLOM ene ORWZD 
exo mL Oe OO LL ee OY Oe em OS ee = Bee mY ere 
OHNO CNOCOPS>e OCBPOCOAK$- OTK-OerOde Y We KOA eOwzZ 
uw Sok Wwe OE olLBEWLOC MO Be SLM 0 KE SPOOF amurerw 


mA — “A = HA i HOM SU OF - 
rt on oO aA NM LTrw oOo ™- © 
© Ga © = — = mx —_— — x —_ pa 
oO Co cf ff ono Oo ron o oC oO 


124 


REFERENCES 


Ainley, D. G. and Mathieson, G. C. R., An Examination of the Flow 
and Pressure Losses in Blade Rows of Axial-Flow Turbines, Aero- 


+ 


Nautical Research Counzil, R & M No. 2891, 1955 


Ainley, D. G. and Mathiessn, G. C. R., A Method of Performance 
Estimation for Axial-Flcw Turbines, Aeronautical Research Council, 
R & M No. 2974, 1957 


Brown, R. L., ''An Investigation of the Secondary Flow Phenomena in 
a Cascade of High Deflection Axial-Flow Impulse Turbine Blades," 
Naval Postgraduate School Thesis, December 1966 


Commons, P. M., “Instrumentation of the Transonic Turbine Test Rig 
to Determine the Performance of Turbine Inlet Guide Vanes through 
the Application of the Momentum and Moment of Momentum Equations," 
Naval Postgraduate School Thesis, September 1967 


Harrison, R. G., "An Analysis of Single Stage Axial Flow Turbine 
Performance Using Three Dimensional Calculating Methods," Naval 
Postgraduate School Thesis, September 1967 


Lenzini, M. J., "Calibration of Turbine Test Rig With Impulse Tur- 
bine at High Pressure Ratios,’ Naval Postgraduate School, June 
1968 


Messegee, J. A., "Influence of Axial and Radial Clearance on the 
Performance of a Turbine Stage With Blunt-Edge Non-Twisted Blades,' 
Naval Postgraduate School Thesis, September 1967 


Vavra, M. H., Aerothermodynamics and Flow in Turbomachines, 
New York, London: John Wiley and Sons, Inc., 1960 


Vavra, M.H., Problems of Fluid Mechanics in Axial Turbomachines, 
Pts A, B, C, D and E, Von Karman Institute Course Note 556, Rhode- 
Saint-Genese, Belguim: Von Karman Institute for Fluid Dynamics, 
March 1969 


eZ 


INITIAL DISTRIBUTION LIST 


Defense Documentation Center 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0212 
Naval Postgraduate School 
Monterey, California 93940 


Commander, Naval Air Systems Command 
Attn: “AIR@OS€, “SStn, 330 

Navy Department 

Washington, D.C. 20360 


Professor M.H. Vavra 
Department of Aeronautics 
Naval Postgraduate School 
Monterey, California 93940 


Chairman, Department of Aeronautics 
Naval Postgraduate School 
Monterey, California 93940 


Office of Naval Research (Power Branch) 
Agetn: Me. whok ser atton, Jr: 

Navy Department. 

Washington, D.C. 20360 


Captain, Stewart G. Esdaile 
38 Charkay Street 

Ow@tawa 5, Ontario 

Canada 


126 


Copies 


20 





Unclassified 


Security Classification 






DOCUMENT CONTROL DATA-R &D 


body o! abstract and indexing annotation must be antered when the overall report is classilied 
2a, REPORT SECURITY CLASSIFICATION 
Unclassified 












(Security classification of title, 
. ORIGINATING ACTIVITY (Corporata author) 









Naval Postgraduate School 
Monterey, California 93940 











. REPORT TITLE 





An Investigation of a Transonic Turbine Test Rig 


4. DESCRIPTIVE NOTES (Type of report and, inclusive dates) 


Master's Thesis; (October 1969) 


S$. AUTHOR(S) (First name, middle initial, last name) 


Stewart G Esdaile 


6. REPORT OATE Ja. TOTAL NO. OF PAGES 7b. NO. OF REFS 
October 1969 125 9 


8a. CONTRACT OR GRANT NO. 94. ORIGINATOR’'S REPORT NUMBER(S) 





b. PROJECT NO. 


9b. OTHER REPORT NO(S) (Any other numbers that may be assigned 
this report) 


. DISTRIBUTION STATEMENT 


This document has been approved for public release and sale; its distribution 
is unlimited. 


- SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


| — 


Naval Postgraduate School 
Monterey, California 93940 


. ABSTRACT 


The Transonic Turbine Test Rig installed in the Turbo-Propulsion 
Laboratory at the Naval Postgraduate School was designed such that 
losses in nozzle and rotor blading and overall performance charac-— 
teristics can be determined for operation at several combinations of 
blade configurations, pressure ratios and speeds. This study relates 
the empiracal data for stator loss coefficients to those determined 
for the converging-nozzle stator presently installed, and discusses 
reasons for some of the discrepancies. Also discussed are results 
of the flow nozzle calibration, locked rotor data, and temperature 
and inlet swirl effects. A method is proposed to reduce these effects 
for future work on the Turbine Test Rig. 


DD vovewl4/3 Char Unclassified 


S/N 0101-807-6811 127 Security Classification ace vaon 





Unclassified 


age 
~ Security Classification 


14. : 


Transonic Turbine 


Loss Coefficients 


DD .o" 1473 (sack) 


S/N 0101-807-6821 128 


Unclassified 


Security Classification A-31409 











thesE67 
n investigation of a transonic turbine 


DUDLEY KNOX LIBRARY 


